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ABSTRACT
During the past 50 years, quartz dissolution kinetics and solubility measurements
have been the subject of numerous investigations. Researchers have been motivated
either because of their interest in understanding important natural geologic processes in
the earth or because of a need to quantify dissolution rates for chemical processes above
ground or for geothermal energy extraction underground using heat mining concepts.
However, the reactivity of minerals in natural environments cannot be predicted from
laboratory dissolution rates.
The motivation for carrying out this project was driven by engineering issues
related to mineral transport in circulating hot dry rock (HDR) geothermal systems. Of
critical importance to HDR is the characterization of the dissolution rate of host reservoir
rock as a function of temperature, pressure and liquid phase composition. In general,
quartz is a major mineral component in HDR reservoirs in low permeability crystalline
rock. Furthermore, quartz is highly reactive relative to other constituent minerals in
aqueous environments at temperatures of interest to HDR geothermal energy extraction
(1500 to 3000C).
Quartz dissolution rate data were collected in deionized water from 23' to 20'C
and correlated with measurements from twelve previous investigations from 250 to
625'C. A simple global equation accounting for reduced global rates due to an approach
to saturation satisfactorily represented experimental data spanning temperatures from 230
to 625'C obtained from crushed quartz crystals, quartz sand, and quartz slab samples.
Geometric andBET-derived surface areas were equally successful in normalizing quartz
dissolution rates. An Arrhenius expression describing an empirically-derived global
dissolution rate constant with an average activation energy of 89 ± kJ/mol in deionized
water was regressed from the set of dissolution rate data covering eleven orders of
magnitude in variation from about 4 x 1-14 mol/m2 s at 250C to 1 x 10-3 Vm2 s at
625'C on a geometric area basis.
The quartz dissolution rates reported in literature at 250C are two to three orders
of magnitude higher than predicted by the global rate equation. This discrepancy was
explained based on inadequate surface preparation procedures. Dissolution rates at 25'C
predicted by the global rate equation are 4 x 1-14 mol/m2s (geometric area basis) or 03
A/yr, thus long run times and extensive surface preparation are required. Experiments
were carried out for 812 days at 23'C in batch bottles using sand pretreated in the
spinning basket eactor, resulting in rate data that agreed with the global rate equation.
Quartz dissolution rate experiments were performed from 1000 to 2000C to
investigate the effects of pH and ionic strength. The dissolution rate of Ottawa sand was
found to have fractional orders with respect to the hydroxide ion concentration and
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sodium ion concentration (or ionic strength). The order of sodium ion concentration was
0.26 while the hydroxide ion concentration order varied from 052 at 100'C to 062 at
200'C. The non-integer nature of these regressed parameters was attributed to regressing
data based on solution species instead of the more appropriate surface species basis.
Unfortunately, surface concentrations are unknown at the conditions investigated in this
study, therefore, the utility of adsorption models was evaluated. Surface charge models
based on electrostatic theories are not robust enough to extrapolate to higher
temperatures, therefore, classical adsorption isotherms borrowed from heterogeneous
catalysis were employed to model the dissolution behavior of quartz. The saturation
effect of NaCl was fit well by a first order Langmuir-Hinschelwood model.
The dissolution rate in HN03 solutions is only slightly dependent on pH,
decreasing as the pH is lowered from deionized water conditions to pH 2 to 3 and
perhaps increasing below pH 2 The quartz surface has minimal net charge at pH 2 to 3
at 25'C, which coincides with the minimum in the dissolution rate, suggesting that
surface charge may be an important intermediate in the dissolution pathway.
The surface area basis for normalizing dissolution rates was further investigated
by comparing the dissolution rate behavior of crushed quartz crystals from Hot Springs,
Arkansas with Ottawa sand in NaOH solutions. The geometric surface area basis
provided very good agreement between the two quartz samples, with the BET surface
area basis yielding a slightly worse agreement.
The apparent activation energy for quartz dissolution is model dependent. In the
past, the activation energy of quartz dissolution was stated as being pH dependent.
However, this occurs because the true mechanism of quartz dissolution is not known.
The effects of the hydroxide ion concentration and ionic strength on the rate of
dissolution were separated from the global dissolution rate constant using a fractional
order empirical rate law. The apparent activation energy in the fractional order rate
constant from 100' to 200'C in solutions varying from deionized water to hydroxide ion
concentrations (from NaOH) of 0009 mol/kg H20 and sodium concentrations (from
NaOH and Nad) of 0. 1 mol/kg H20 was found to be 83 ±5) kJ/mol and independent of
solution composition. The agreement between this value and the global activation energy
in deionized water is fortuitous, since the effects of the hydroxide ion are embedded in
the global rate constant.
The applicability of the quartz dissolution kinetics to the dissolution of the quartz
phase in granite was evaluated. Previous studies suggested that the quartz phase would
be dominant at'200'C. However, the dissolution of feldspars was found to be important.
The dissolution rate of individual phases in granite was estimated to be one to two orders
of magnitude faster than individual mineral rates. The grain boundaries or other inter-
mineral phase effects may enhance the high dissolution rates in granite.
The major accomplishments in this study are: (1 a global correlation of quartz
dissolution rate data in deionized water that exhibited good agreement from work from
twelve investigators, revealed the difficulties in low temperature measurements, and
presented a comprehensive value for the global activation energy for quartz dissolution in
deionized water, 2) the effect of H+/OH-/Na+ was clearly rationalized and correlated
from 100' to 200'C, 3) the effect of the surface area bases were critically analyzed by
the global correlation in deionized water and by experiments performed in this study in
NaOH solutions at 150'C on Ottawa sand and Hot Springs, Arkansas crushed crystals.
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Chapter 
Introduction
1.1 Background and Motivation
During the past 50 years, quartz dissolution kinetics and solubility measurements
have been the subject of numerous investigations. Researchers have been motivated
either because of their interest in understanding important natural geologic processes in
the earth or because of a need to quantify dissolution rates for chemical processes above
ground or for gothermal energy extraction underground using heat mining concepts.
The motivation for carrying out this project was driven by engineering issues related to
mineral transport in circulating hot dry rock (HDR) geothermal systems (Armstead and
Tester, 1987; Charles et al., 1979; Grigsby et al., 1989; Tester et al., 1977). A schematic
diagram of a HDR system is shown in Figure 1. 1. Of critical importance to HDR is the
characterization of the rate of dissolution of host reservoir rock as a function of
temperature, pressure and liquid phase composition. In general, quartz is a major mineral
component in HDR reservoirs in low permeability crystalline rock. Furthermore, quartz
is highly reactive relative to other constituent minerals in aqueous environments at
temperatures of interest to HDR geothermal energy extraction 150' to 300'C).
More specifically, the analysis and modeling of data from HDR field tests at the
Fenton Hill site in New Mexico require that dissolution kinetics be fully characterized in
order to predict reservoir performances as well as to size the active reservoir on a
15
Hot Dry Rock (HDR) geothermal system concept.Figure 11
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volumetric or areal heat sweep efficiency basis (Grigsby and Tester, 1989). Because
HDR systems have small circulating fluid volumes and residence times relative to natural
hydrothermal systems, dynamic changes in dissolved silica concentration can be created
by switching from a normal closed-loop mode of operating to an open-loop mode. In the
closed-loop mode with a modest flow of make-up water, silica concentrations approach
saturation because of recirculation effects. This permits the use of geothermometry to
estimate reservoir temperatures Fournier and Rowe, 1966). In the open-loop mode,
however, fresh water with a low dissolved silica concentration can be flushed through the
system. In this case the transport rate of silica into the reservoir fluid can be used as a
chemical tracer to aid in estimating the size of the active heat transfer volume and area of
the reservoir (Grigsby and Tester, 1989; Robinson et al., 1988
After a careful review of the available literature on this subject, we quickly
realized that while a great amount of work had been done with quartz, results from one
research group were rarely if ever compared with another group's data. Furthermore,
there have been only a few investigators who even attempted to correlate their data in a
systematic manner. Over the last 15 years the situation has improved with respect to
experimental procedures and equipment used along with a much improved appreciation
for the importance of surface preparation and characterization. These factors have all
contributed to enhancing the quality of the data. However, almost without exception,
even recent investigators have not compared or correlated their rate data with others on a
fully quantitative basis.
The ability to predict rock-water reactions is' needed in many other fields
involving the en vironment, including nuclear and chemical waste migration (Brookins,
1984; Roxburgh, 1987), acid mine drainage (Jaynes et al. 1984), and retorted oil shale
leaching eerer et aL, 1986). Before these multi-phase systems can be modeled, the
dissolution behavior of each mineral must be understood. Unfortunately, to date, the
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reactivity of minerals in natural environments cannot be predicted from reported
laboratory dissolution rates. For instance, the silica release rates from sodic feldspar
observed in nature are one to three orders of magnitude slower than would be predicted
from experimental data (Paces, 1973, 1983; Velbel, 1985, 1989; Swoboda-Colberg and
Drever, 1992). This discrepancy has yet to be explained based on the current knowledge
of mineral dissolution kinetics. Until we understand the fundamental mechanisms
governing mineral dissolution, predictions made on the basis of laboratory data alone will
be unreliable. Of particular importance, for example, is the influence of pH on the kinetic
pathways for quartz dissolution.
1.2 Organizational Overview
Chapter 2 is a comprehensive literature review of the previous work on the
dissolution kinetics and mechanisms of mineral-water systems. Chapter 3 lists the
objectives in carrying out this study. Chapter 4 describes the experimental techniques
used in this project with comparison to previous experimental techniques. Chapter 4 is
divided into six sections: mineral selection, mineral surface preparation, mineral surface
characterization, reactor design, solution composition analysis, and data reduction
propagation of error. Chapter presents the current study of quartz dissolution in
deionized water and correlates it with previous studies from the literature. Chapter 6
covers the experimental studies of the pH and ionic strength effects on quartz dissolution.
Chapter 7 presents the experimental studies on granite dissolution. Comparisons are
made between quartz dissolution rates and the rates of Si release from the quartz phase in
granite, measured as silicic acid [H4SiO4 or Si(OH)41 in solution. Chapter introduces
the modeling techniques used in this study to explain the observed quartz dissolution
rates and dependencies. Chapter 9 lists the major conclusions derived from this study.
18
Chapter 2
Review of PreviousWork on
Mineral Dissolution
2.1 Experimental Results
Traditionally, investigators gather mineral dissolution rate data by measuring the
solution concentration versus time in a batch reactor or by measuring the inlet and outlet
concentrations in flow reactors. The mathematics behind these approaches are shown in
Section 44. 1. Alternatively, at high temperature, a weight loss method can be used to
determine how much of the mineral dissolved during the course of the experiment.
A new approach to obtaining dissolution rate kinetics was performed by Gratz and
coworkers (Gratz et al., 1990; Gratz and Bird, 1993) by utilizing a "negative crystal"
method. The "negative crystal" is actually a flat-bottomed etch pit with smooth
crystallographic walls. Other types of etch pits were observed on the quartz surface,
however their complex inner structure made analysis difficult. Instead of focusing on the
transfer of material to solution, they look at the changing local topography of "negative
crystals". Dissolution rates are obtained by measuring the retreat rate of the "negative
crystal" walls using an optical microscope. "Negative crystals" were measured on
reflected light photographs at 240x (and higher) magnification taken after sequential runs.
The "negative crystal" method has several limitations. The conditions studied
must produce "negative crystals" that can be easily characterized. Gratz et al. 1990)
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found that high, ionic strengths > 0.01 molal) produced "jumbo pits, etch tunnels, and a
few, unusually large small pits", and low ionic strengths <0.005 molal) produced
abundant smaller pits attributed to dislocations, which interfere with the measurements of
negative crystal growth. In order to yield good results, growth rates should be between
0.02 and 10 gm/hr. The lower limit is a result of time limitations, the wavelength of light,
and the optics of photomicrography, while the upper limit is due to the desire to keep the
heat up time short relative to the run time.
The experimental results of previous investigations on mineral dissolution kinetics
are summarized in the following four sections.
2.1.1 Temperature Effects
Temperature effects on the dissolution rate of quartz (SiO2) have been studied by
many investigators (Bennett, 1991; Brady and Walther, 1990; Dove and Crerar, 1990;
Rimstidt and Bames, 1980; Siebert et al., 1963). Typically, data can be correlated with
an Arrhenius-like expression for the global rate constant. Siebert et al. 1963) reported a
global activation energy of 79 U/mol for quartz dissolution from 2050 to 3450C.
(1 U/mol = 0239 kcal/mol). Dove and Crerar 1990) and Rimstidt and Barnes 1980)
reported consistent values of 71 ± 9 Uftol and 67-77 U/mol, respectively, from 100 to
3000C. Brady and Walther 1990) found that activation energies varied as a function of
pH from 25' to 60T. They reported activation energies from 46 U/mol at pH 6 to 96
U/mol at pH L Bennett 1991) reported an activation energy of 73 U/mol from 250 to
700C. Gratz and Bird 1993) calculated an activation energy of 87 U/mol using the
it negative crystal" method in 0.01 molal KOH solutions from 106' to 2360C.
The activation energy for quartz dissolution provides some insight into the
mechanism governing the dissolution process. For example, the high reported activation
energies indicate that diffusion is not the rate limiting step, thus negating any theories
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proposing rate laws based on diffusion through a surface layer (see Section 22. 1). The
significance of the activation energy is discussed further in Section 5.5. 1.
2.1.2 pH Effects
The solution pH has been shown to have a dramatic effect on the dissolution rate
of quartz. Figure 21 displays this effect by plotting the logarithm of the dissolution rate
constant (see Section 22.2 for definition of kf) versus pH. Dissolution rate constants
derived from literature data at a single pH were not plotted in Figure 2 1, since variations
between literature values can mask the true effect of pH. Wollast and Chou 1986),
Knauss and Wolery 1988), and Brady and Walther 1990) show that the quartz
dissolution rate is enhanced by raising the pH above approximately pH 5. The data of
Kamiya et A 1974) suggest that the quartz dissolution rate is enhanced by lowering the
pH below 2 while the data of Grigsby 1989) suggest that the quartz dissolution rate is
enhanced by lowering the pH below 4 The data of Wollast and Chou 1986), Knauss
and Wolery 1988), and Brady and Walther 1990) also shows a small pH dependency at
low pH, however the magnitude of the effect is on the same order as the experimental
error in the data., When the logarithm of the dissolution rate is plotted against solution
pH, linear regions are observed at low pH and at high pH with a slope less than unity
This observation has resulted in the concept of fractional order kinetics discussed in
Section 22.3.
2.1.3 Ionic Strength Effects
Dove and Crerar (I 990) performed quartz dissolution experiments in to 0. 15
molal (mol/kg H20) solutions of NaCl, KCI, LiCl, M902, and found that in all cases the
presence of electrolyte increased the rate above the values measured in deionized water.
The effect was greatest for NaCl and KCI where reaction rates increased by as much as
1.5 orders of magnitude. These results suggest that the rate versus pH results discussed in
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the previous section should be re-evaluated in terms of a more comprehensive
mechanism. Figure 21 presents data from widely varying experimental procedures.
Some of the experiments are performed at constant ionic strengths, some control pH
using variable ionic strength buffers, while others simply add acids or bases to adjust pH.
Rigorous comparison of the data presented in Figure 21 requires the knowledge of the
electrolyte concentration effects on quartz dissolution. This topic will be discussed
further in Section 65.
2.1.4 Dislocation Density Effects
The observation of etch pit formation on dissolving minerals led several research
groups to propose the hypothesis that dissolution is controlled by reaction at discrete sites
on exposed mineral surfaces Berner and Holdren, 1979; Holdren and Berner, 1979;
Brantley et A, 1986). Helgeson et A 1984) suggest that the active site area should be
used to normalize bulk dissolution rates. Petrovich (I 98 1) states that dislocation outcrops
and kink sites are probable candidates for active sites. However, recent published work
shows that dissolution rate is only mildly affected by dislocation density (Casey et A,
1988a; Cygan et A, 1989; Schott et A, 1989; Blum et A, 1990). Cygan et A 1989)
explosively shocked labradorite, oligoclase, and homblende, causing the dislocation
densities to increase by about three orders of magnitude. Shock-loading the minerals
increased labradorite and horneblende dissolution by a factor of 4, while oligoclase was
enhanced by a factor of 13. Cygan et A 1989) also found that annealing the shocked
labradorite at 920'C for I hour did not result in a significant change in the dissolution
rate. Blum et aL 1990) did not observe a change in the dissolution rate of synthetic
quartz while the dislocation density varied by six orders of magnitude. These results
suggest that either the excavation of etch pits is not a major mechanism of mineral
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dissolution or that only a small portion of the dislocations produced by shock-loading are
suitable for etch pit development.
2.2 Dissolution Kinetics Modeling
2.2.1 Parabolic Rate Law
The fundamental mechanisms of rock-water dissolution are currently unknown,
and this lack of knowledge has led to frequent misinterpretations of experimental data.
As recently as 198 1, dissolution rate data were fit using the empirical equation
dQ = kn t (2.1)
dt
where Q is the moles transferred per unit area (mol/m') which is a function of time, t (s),
and kn is the dissolution rate constant mol/m2sn+l). n is for linear kinetics, 1/2 for
parabolic kinetics, and 1 for logarithmic kinetics. These terms originate from the shape
of the concentration versus time data from a batch reactor. Many researchers found that
mineral dissolution data were consistent with parabolic kinetics on quartz (Clelland et aL,
1952; St6ber and Anold, 196 1) and feldspars (Helgeson, 197 1; Luce et aL, 1972;
Grandstaff, 1977; White and Claassen, 1979; Lahann and Roberson, 1980; Lin and
Clemency, 198 1). The rate limiting step for feldspar dissolution was hypothesized to be
diffusion through a surface layer, apparently explaining the parabolic behavior
(Busenburg and Clemency, 1976; Helgeson, 197 1; Helgeson et aL, 1970; Paces, 1973;
White and Claassen, 1979; Wollast, 1967).
Feldspar crystals consist of networks (as opposed to chains or sheets) of SiO4
tetrahedra with A3 substituting for Si+4 in some of the tetrahedra. Since Al only has a
+3 charge, another cation, usually Na+, K, or Ca+2' is required to maintain
electroneutrality. These cations occupy cavities in the network of linked tetrahedra.
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Chemical fon-nulas of the feldspars are usually written on the basis of oxygens, and
almost all natural feldspars, fall in the ternary system, NaAlSi3O8--KAISi3O8--
CaAl2Si2O8. Parabolic kinetics could result from either diffusion across a progressively
thickening, leached layer within the silicate phase (Paces, 1973), or across a growing
precipitate layer forming on the silicate surface (Correns and von Engelhardt, 1938;
Wollast, 1967). A leached layer could be formed if either Al or Si preferentially
dissolved from the feldspar lattice.
The parabolic behavior of dissolution rates cannot be explained solely by the
leached layer theory and is more likely a result of the effects of surface preparation.
Mineral particles are typically ground to small particle sizes to increase exposed surface
areas, and therefore increase reaction rates. The grinding process creates sub-micron
particles (fines) that adhere to the mineral surface (Holdren and Berner, 1979; Petrovich,
198 1), thus increasing the mineral surface area. However, as the fines are removed
during the course of an experiment, reaction rates fall off to the bulk mineral values,
producing the observed parabolic-like concentration versus time behavior. Some of the
fines may have a small enough radii of curvature (of the order 0. 1 gm or less) that surface
energy effects could significantly raise their equilibrium solubility due to a Gibbs-
Thompson effect (Iler, 1979). This surface energy effect should also increase the
dissolution rate constant, kf, if the principle of detailed balancing is valid [see Equation
(2.7)]. If the fines adhered to the mineral surface are removed prior to the dissolution
experiments, linear kinetics are observed (Holdren and Berner, 1979; Petrovich, 198 1).
The albite (NaAlSi3O8) dissolution rate data of Holdren and Berner 1979) for untreated
and pretreated samples are presented in Figure 22. Parabolic kinetics are observed on the
untreated albite, while the albite pretreated (etched) with 5% HF 0 N H2SO4 for 20
minutes displays linear kinetics throughout the experiment. Surface preparation
techniques are discussed in more detail in Section 42.
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2.2.2 Global Rate Equation 
In order to fully appreciate the manner in which dissolution rate data are
correlated, several basic thermodynamic and kinetic issues germane to the quartz-water
system are worthy of discussion. Quartz dissolves congruently via a global hydrolysis
pathway to form silicic acid, H4SiO4, or in its chemically equivalent form Si(OH)4 (Her,
1955,1979).
SiO2(s) + 2H20(aq) # H4SiO4 (aq) or Si(OH)4 aq) (2.2)
One postulates that reaction 2.2) is fully reversible; and that the forward reaction rate
(dissolution), rf (mol/kg-s), is proportional to the active surface area, As (M2), divided by
the mass of water, Mw (kg), in the system,
rf = kf As (2.3)
MW
and based on the simple principle of collision theory, the reverse reaction rate
(precipitation), rr (mol/kg-s), is linearly proportional to the product of the concentration
of H4SiO4 in molality units (moles SiO4 / kg H20), MH4SiO4 , and the surface area to
mass of water rtio,
As (2.4)
rr = kr jW- MH4SiO4
Strictly speaking we should define mH4sj04 as moles SiO4 / kg solution, however, for
the ionic strengths used in this study, the difference is insignificant. The units for kf and
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k, are mol/m2 sand kg/m2s, respectively. The net rate of change obtained byOf MH4SiO is
subtracting Equation 2.4) from Equation 2.3),
dm
H4SiO4 As
rnet dt f f - rr = (kf - k, mH4SiO4) (2.5)MW
At equilibrium, the forward reaction rate is exactly balanced by the reverse reaction rate,
thus keeping the H4SiO4 concentration constant at its saturation value corresponding to
the solubility of quartz in water at a particular temperature, pressure, pH, etc.
req = rf - rr = = kf - k, sat (2.6)
net MH4SiO4
Equation 2.6) comes directly from the principle of detailed balancing, which can be
derived from the more fundamental concept of microscopic reversibility first formulated
by Tolman 1924), extending ideas introduced earlier by de Donder and Nernst. More
specific to systems of interest in this study, Lasaga (I 98 1) reviewed applications of
detailed balancing as applied to geochernical systems.
Solving for k, in Equation 2.6) reveals the strength of the detailed balancing
concept; the ability to predict the reverse rate constant from the forward or vice versa.
For this case, the equilibrium or saturation conditions must also be known:
kr = kf / Msat (2.7)
H4SiO4
Substituting Equation 2.7) into Equation 2.5) yields an empirical rate equation which
can be used to correlate experimental quartz dissolution rates in pure water obtained in
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different laboratories over a range of operating conditions (temperature, As, and Mw, for
example):
dMH4SiO4 A sat
rnet dt kf ' I - MH4SiO4 / MH4SiO4 (2.8a)MW
or equivalently using Equation 2.7)
dm H4SiO4 As 1( sat
rnet - k \ H4SiO4 MH4SiO4 (2.8b)dt
The calculation of rnet from rate experiments is demonstrated in Section 44. 1.
The term ( - m / sat ) in Equation (2.8a) can be viewed as the degree ofH4SiO4 k14Si04
undersaturation. For dissolution, the term is positive, for precipitation it becomes
negative, and at saturation it goes to zero. When mH4&04- 0, rn,,t is maximized under
"free dissolution" conditions, analogous to the evaporation of a solid or liquid into a
perfect vacuum. O'Connor and Greenberg 1958) derived a similar equation based on a
phenomenological approach. This empirical form of the rate equation has been
successfully used by us and a large number of previous investigators over a wide
temperature range 25 to 625'C) and from silicic acid concentrations from near zero to
concentrations approaching the saturation value (O'Connor and Greenberg, 1958; van
Lier et A, 1960; Tester et A, 1977; Rimstidt and Bames, 1980; Robinson, 1982 and
others). Equation (2.8a) is essentially equivalent to Equation 33) in Rimstidt and Bames
(1980), except that the rate laws derived here are based on concentration instead of
activities, therefore, from Equation 2.7), kf nsat 4 which is not necessarilyH4S
equivalent to K asatsio4. In essence, the phenomenological approach assumes that
H4SiO4 H4
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the forward dissolution rate is constant when the active surface area per unit fluid mass
and other factors that influence kf like temperature, pH, and ionic strength are fixed. The
forward rate is assumed independent of the silica concentration in the surrounding bulk
solution (mH4SiO4 ). The forward rate law could have also been inferred from the reverse
rate law coupled with the equilibrium conditions in Equation 2.7).
The limitations of the model embodied by Equations (2.8a) and (2.8b) must be
stated clearly. First, an oversimplified view of the dissolution rate process was taken
[Equation 2.2)] without any attempt to model molecular level phenomena such as the
bond-breaking steps that must occur for quartz to enter the aqueous phase as silicic acid.
Since the principle of detailed balancing only rigorously applies to elementary steps, the
validity of Equation 2.8) should be examined more closely. Consider a general
mechanism of the type
k, k2
A # B # C (2.9)
k-1 k_2
At equilibrium one can write (see Laidler, 1965)
IC] k1k2 (2.10)
[Al eq klk-2
where [ i ] is the concentration of species i. If one makes measurements of the rate of
disappearance of A at the very beginning of the reaction, before any or' C have
accumulated,
k [A] (2.11)
d t
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and the first order rate constant is kI. Similarly if one starts with pure C and measures
initial rates, the rate constant obtained is k-2. The ratio k / k-2 is not equal to the
equilibrium constant based on the overall reaction A z_2 C shown in Equation 2 10)
unless, quite fortuitously, k2 / k I = 1. This example highlights a potential problem when
detailed balancing is applied to an overall reaction. In this example, if k-2 i calculated
from the equilibrium constant and an experimentally derived ki, the result would be
incorrect. Although this idealized example may raise concern about the applicability of
Equation 2.7) in a global mechanism for quartz dissolution, frequently complex
elementary reaction networks are dominated by a single rate limiting step which, for the
case of quartz dissolution, may be adequately described by Equations 2.3) and 2.4).
Furthermore, Equations 2.3) and 2.4) are assumed rate laws with many
dependencies embedded in the global rate constants (e.g. temperature, pressure, pH,
ionic strength, etc.). With more detailed experimental data, individual parameter
dependencies can be separated and stated explicitly, yielding a more comprehensive
empirical model..
Although the derivation of Equation 2.8) does not require a molecular-level,
mechanistic description of the quartz dissolution mechanism, other investigators have
employed the concepts of transition state theory to justify the form of a global rate
expression for quartz dissolution (Rimstidt and Barnes, 1980; Brady and Walther, 1990;
Dove and Crerar, 1990). While these approaches represent noteworthy extensions of
transition state theory to heterogeneous (solid-liquid) geochemical kinetic systems, they
do not identify rate-controlling elementary reaction steps at a molecular level. Recent
treatments by Lasaga and Gibbs 1990) and Casey et al. 1990), using ab initio molecular
orbital calculations, provide a more theoretically rigorous representation of possible
transition state activated complexes. However, without direct evidence of activated
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complex structure in this heterogeneous system, a heuristic empirical approach is justified
and can be useful in correlating dissolution rate data over a wide temperature range.
An estimate of sat . needed as a function of temperature and pressure in the
"'H4SiO4 s
two-component, binary mixture of quartz (SiO2) and water (H20) in order to extract a
rate constant for dissolution (kf). Fournier and Potter 1982) provide an excellent
correlation for quartz solubility. Figure 23 compares their solubility correlation at the
vapor pressure of the solution and at 1000 bar with experimental data from several
investigators (Crerar and Anderson, 197 1; Hernley et al., 1980; Kennedy, 1950; Morey et
al., 1962; Ragndrsd6ttir and Walther, 1983; Siever, 1962). Data are given from 25'C to
the critical point of pure water at 374'C on the saturation curve, while they extend to
600'C at 1000 bar. The vapor pressure of pure water up to the critical point (3740C, 221
bar) is shown on the upper abscissa for reference.
The Fournier and Potter 1982) correlation for quartz solubility used in our data
analysis is as follows:
log sat C1 + C2009 V ) + C3009 V) 2 (2.12)
MH4SiO4 
where Ci, C2, and C3 are empirical temperature-dependent constants that have been fit to
satdata, MH4 SiO4 is the saturated molal silica concentration (mol/kg H20), and V is the
specific volume -of pure water (cm3/g). The CI, C2, and C3 parameters are given by
C = - 466206 00034063 T + 2179.7 T-1 - 1 1292 x 106 T-2 + 13543 x 108 T-3
C = - .00 14180 T - 806.97 T-
C = 39465 x 10-4 T
where T is the absolute temperature in Kelvins.
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The Fournier and Potter 1982) correlation predicts a sat value of 12 x 1-4
MH4SiO4
at 25'C, since they used Morey and Hesselgesser's 1951) value of 1.0 x 10-4 in their
sat
regression. However, Rimstidt 1984) predicts a MH4SiO4 value of 1.8 x 10-4 based on the
extrapolation of his data from 50' to 96T. Due to the extremely slow rates at 25T it
may be more accurate extrapolatin sat rather than measuring its value. Therefore,9 MH4SiO4
the value used in this study may be 40% low. However, since the degree of
undersaturation term in Equation (2.8a) is very close to one in most low temperature
studies, uncertainty in the sat alue has a very small impact on the eror in kf.MH4SiO4 V
2.2.3 Fractional Order Kinetics
Many researchers have observed a significant effect of solution pH on the
dissolution rate of quartz. Typically, the logarithm of the dissolution rate is plotted
versus pH as in Figure 2 1. The rate data are regressed by dividing the data into three pH
regions. Least squares linear fits are used in the low and high pH regions, and a line of
zero slope is regressed through the appropriate pH-independent points. The three pH
regions, low pH, pH independent, and high pH, can also be termed, acid- (or proton-),
water- (or neutral-), and base- (or hydroxide-) catalyzed regions, respectively. In some
cases, there is not enough evidence of a pH dependency at low pH, so the
pH-independent line is extended into the low pH region. The overall rate law obtained by
superimposing the rates for each region is:
r = ka[aH+ ]a + kw + k [aoH- ]b (2.13)
where a is the negative of the slope in the acid-catalyzed region (or the global reaction
order with respect to H), b is the slope in the base-catalyzed region (or the global
reaction order with respect to OH-), and ka, kw, and kb are the empirical acid-, water-, and
base-catalyzed dissolution rate constants, respectively. The apparent orders, a and b, are
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based on activities since they are derived from a regression of log rate versus pH. A more
traditional approach would be to define the orders based on the concentration of H and
OH- ions in solution. However, since activity coefficients in typical solutions for quartz
dissolution experiments are not far from unity, the values of a and b will be similar
regardless of the basis.
Regressing the low and high pH regions of the data shown in Figure 2 1, values of
the apparent reaction orders, a and b, are obtained and listed in Table 2 1. The term
"fractional order kinetics" is frequently used to describe experimental observations.
When Equation 2.13) is applied to actual mineral dissolution rate data, apparent reaction
orders for H+ and/or OH- dependencies of less than unity are calculated as given in Table
2. 1. Clearly Equation 2.13) is an empirical rate expression which does not represent a
single elementary reaction, since the reaction order is not an integral value. The results
in Table 21 suggest that a and b increase with increasing temperature, although the size
of the error bars diminish the significance of this trend. he large error bars at low pH
occur since most low pH experiments are conducted over a limited range from about pH
I to 3 If only three data points are taken (as in Kamiya et al. 1974) and Wollast and
Chou 1988)), the standard deviation of the slope must be multiplied by 12.7 to obtain the
95% confidence limit. The effect of pH on the quartz dissolution rate will be discussed
further in Section 82.
2.3 Mechanistic Modeling
2.3.1 Surface Complexation Models
Typically, experimentalists measure and correlate mineral dissolution rates as a
function of pH, ionic strength, and temperature. However, this approach results in an
empirical rate expression which contains no information about the molecular processes
occurring at the mineral surface. As discussed in the previous section, fractional order
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Temp (Q a t bt
Wollast and Chou 1988) 25 0.29 (-+0.60) 0.27 (-+0.05)
Grigsby 1989) 25 0.38 (-+0.11) -
Brady and Walther 1990) 25 - 0.29 (-+0.05)
Kamiya et A 1974) 60 0.54 (+-0.75) -
Brady and Walther 1990) 60 - 0.43 (-+0.13)
Knauss and Wolery 1988) 70 - 0.52 (-+0.13)
Kamiya et A ( 974) 90 0.60 (+-0.08) -
Table 2.1 Apparent reaction orders for H+ and OH- dependencies on quartz
dissolution.
t Effor values are based on 95% confidence limits
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kinetics result from the global regression of experimental mineral dissolution rate data
versus solution pH. Fleming 1986) suggests that solution pH may not be the appropriate
parameter. Because dissolution actually occurs at the solid surface, the activity of H or
OH- near the surface should be more important than the bulk values given by pH or pH.
The H+ and OH - ions near the surface (H + and OH -) are assumed to be in equilibrium0 0
with the surface, which is represented by SOH:
H + + SOH S-OH+ (2.14 a)0 2
OH - SOH S-0- H20 (2.14b)0
which esults in the following equilibrium relations:
(S-OH+]2
KH = CS-OH] aH (2.15a)
[S-O-]
KOH = OH a (2.15b)OH;
where [ i ] refers to the concentration of surface species i, and ai refers to the activity of
the solution species i, and Ki is the adsorption equilibrium coefficient of species i.
Fleming 1986) expresses the surface species in terms of concentration by assuming that
the activity coefficient of surface species are approximately equal to unity. Thus, if
dissolution is catalyzed by H + or OH -, it must have the same dependency on surface0 0
charge ( [S-0H+J or [S-0-1) as ion activity near the surface.
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The major problem now is to develop a model of solid-liquid interface and to
relate the activity of the species near the surface to the bulk activities. Many approaches
have been utilized to model the oxide-aqueous solution interface. Westall and Hohl
(1980) describe five classes of electric double layer models:
(1) the constant capacitance model
(2) the diffuse layer model
(3) the Stem model as interpreted by Bowden, Posner, and Quirk 1977)
(4) the triple layer model
(5) a literal interpretation of the Stem model
These models contain varying degrees of complexity, with the more complex models
having more adjustable parameters. For example, the triple layer model contains eight
adjustable parameters with two of the parameters being measurable from independent
experiments. ne robustness of these models has been questioned in literature (Sposito,
1983; Westall. and Hohl, 1980). Westall and Hohl 1980) found that al models represent
the data equally well, but the corresponding parameters in different models are not the
same. They conclude that although the models are of the correct mathematical form to fit
experimental data, the do not necessarily provide an accurate physical description of the
interface. Fortunately, we are not dependent on these models since quartz and silica
surface data at 25'C are abundant in literature. An analysis of literature surface charge
data can be found in Section 83. 1.
Several researchers have studied mineral dissolution rates as a function of surface
charge (Brady and Walther, 1989; Blum and Lasaga, 1988; Stumm et aL, 1985; Wirth
and Gieskes, 1979). Brady and Walther 1989) found that the rate of quartz dissolution
was fst order with respect to surface charge from pH to 12, by plotting the log
(dissolution rate) versus log (surface charge). The resulting slope or order of reaction
was 1.0 ± 0.3 95% confidence). Since log-log plots are sometimes deceptive, their
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dissolution rate data are plotted.in Figure 24 against surface charge. A straight line
through the origin gives a reasonable fit to the data implying that the rate is directly
proportional to the surface charge. Wirth and Gieskes 1979) studied the dissolution
kinetics of vitreous silica at three different ionic strengths. They claimed that their data
displayed second order behavior at low surface charges (pH 6 to 9 using an empirical fit
of the surface charge data of Bolt 1957). Fleming 1986) developed a thermodynamic
model that used the surface charge data of Bolt 1957) to fit the values of the unknown
parameters in the model. With this model, Fleming 1986) analyzed Wirth and Gieskes'
data 1979) and arrived at a first order dependency on surface charge. The surface charge
of quartz and amorphous silica is very low at pH 6 The model used to fit the Bolt 1957)
data becomes very important in determining the apparent reaction order of the surface
charge.
Stumm et aL 1985) proposed the following dissolution rate law for A1203 and
BeO in slightly acidic solutions (pH = 25 to 6:
rate = k [ SOH +,n (2.16)
2
where SOH+ is the surface charge, and n is the charge on the cation 2 for Be+2 and 32
for AI+3). A mechanistic explanation for this relationship was not proposed.
Carroll-Webb and Walther 1988) also studied the dissolution rate Of A1203 as a function
of surface charge, and they obtained n in the acidic range (pH = I to 8) to be about .
This large discrepancy for the value of n in Equation 2.16) emphasizes the uncertainty
involved in its calculation, and the need for accurate surface charge and dissolution rate
data.
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2.3.2 Transition State Theory
Transition-state theory (TST) (Evans and Polanyi, 1935; Eyring, 1935; Glasstone,
1941) has been recently utilized in an attempt to model the fundamental mechanisms of
mineral dissolution (Aargaard and HeIgeson, 1982; Helgeson et a, 1984; Rimstidt and
Bames, 1980). TST was proposed for a priori determination of absolute reaction rates.
This is difficult in principle, since accurate potential energy surfaces are not usually
known. Figure 25 shows a hypothetical potential energy surface for the reaction
AB+C - ABC (2.17)
TST asserts that along the minimum energy path from reactants to products, there exists
an activated complex or transition state, [ABC]4:, represented by an X in Figure 25. TST
assumes that the reactants are in equilibrium with the activated complex, and that the
forward reaction rate equals the product of the concentration and decomposition
frequency of the activated complex (rate = v [ABC]4' '). The activated complex
concentration can be determined by the equilibrium relation,
K4 -(ABCI+ 'YABC_ (2.18)
JABJJC - yAByc [AB][C]
where K:- is the, constant for the reactant activated complex equilibrium, I i , Yj, and i
refer to the activity, activity coefficient, and concentration of species i, respectively.
With the assumptions above, the reaction rate can now be put in terms of the reactant
concentrations:
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Figure 25 Potential energy surface of the hypothetical reaction AB + C - A + BC.
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rate = v [ABC] = K+ [AB] [C] (2.19)
YABC
where v is the unimolecular decomposition frequency of the activated complex, +. Using
standard thermodynamic conventions, K+ is equal to exp(-AG:/RT), where AG: is the
free-energy difference between activated complex and reactants in their appropriate
standard states. v is equal to kBTIh, where kB is Boltzmann's constant, Tis absolute
temperature, and h is Planck's constant. Since GI- = AH - T SI--, Equation 2.19) can
be rewritten as:
rate _- kB T AB 7C As+: -AH+ B] [C] (2.20)
h YABC uA'I R uAIJ RT [A
where MO and AS4-' are the enthalpy and entropy difference between the activated
complex and the reactants. Thus, a priod calculation of AH4: and Ae requires the
knowledge of the nature and structure of the activated complex and reactants. With the
proper structural information, the enthalpies or entropies of formation can be estimated
using ab initio quantum mechanical calculations or by empirical approaches such as
group additivity- methods. Lasaga (I 98 lb) provides a complete description of TST and
its applications to geological systems.
Rimstidt and Barnes 1980) applied TST to the overall reaction for quartz
dissolution with a hypothesized and somewhat unrealistic reaction mechanism:
SiO2(s) + 2H20 i I iO -2H20 I H4SiO4(aq) (2.21)
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Solid SiO2 cannot be treated like a free gaseous molecule as is frequently the case for
TST applications (Eyring, 1935; Glasstone, 1941; Laidler, 1965). SiO2(s) corresponds to
the molecular composition of quartz, which is actually composed of a network of SiO4
tetrahedra. The release of Si into solution must be modeled as a set of elementary
reactions or simplified using the rate-limiting step. However, Rimstidt and Bames 1980)
selected an activated complex (+) to represent the overall global reaction, which
according to the authors, was done "to simplify further calculations." Consequently,
their approach does not model the actual reaction pathway or mechanism of dissolution.
When applied in this manner, the TST model is merely a convenient way of
quantitatively representing dissolution rates, and is no more mechanistically rigorous than
previous empirical rate laws (see Section 22.2).
Aargaarq and Helgeson 1982) attempted to hypothesize realistic activated
complexes by applying TST to feldspar dissolution kinetics. They postulated a low and
an inten-nediate pH complex and Helgeson et A 1984) added a high pH complex:
• low pH < 29) : (H30)AISi3O8(H30)+
• intermediate pH 2.9 to 8) (H30)AISi3O8(H20)n
high pH > 8) [(KNa)AI(OH)nSi3O8]-'l
where, according to Helgeson et A 1984), n "represents the number of moles of
interstitial H20 dipoles or hydroxyl ions in the surface configuration of atoms
corresponding to the activated complex per mole of reactive feldspar."
With the above selection of reaction intermediates, the general rate law proposed
by Aargaard and Helgeson 1982 is
A
rate = k nai _ni (2.22)
i
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where k, in mol/cm2s, is the dissolution rate constant composed of several parameters to
account for non-ideal behavior and TST concepts, ai is the activity of the ith species
A(dimensionless), and ni is the stoichiometric coefficient of reactant i in equilibrium with
the activated complex (dimensionless and negative). Equation 2.22) is a simplified
version of Equation 2.19), lumping the decomposition frequency, activity coefficients,
and 0 into k, while allowing for complex stoichiometries in the activated complex.
Helgeson et A 1984) set n in the high pH (pH A) complex to 04 to fit the available rate
data. They state that n = 04 (or n'0H = 0.4) results in the following rate equation,
0.4rate = k aH- (2.23)
where k' is k from Equation 2.22) multiplied by the activity of the feldspar surface to the
0.4 power. By using n = 04 they imply that there are 04 hydroxyl ions for every one
feldspar unit in the high pH activated complex. Since only whole hydroxyl ions can
interact with surface species, Equation 2.23) should be viewed as an empirical global
rate equation whose parameters were simply fit to the available rate data.
Although TST is founded on fundamental principles developed by early scientists
(Evans and Polanyi, 1935; Eyring, 1935; Glasstone, 1941), its application in geochemical
kinetics so far has largely been used as a empirical regression tool.
2.3.3 Monte Carlo Simulation
Monte Carlo simulations have been used for many years to model the reactions
that occur on crystal surfaces. Burton et aL 195 1) first used the Ising 1925) model in
their theory of crystal growth. Gilmer and Bennema 1972) proposed a "kinetic Ising
model" adapted for use in Monte Carlo simulations. Typically, the surface is modeled as
a cubic lattice using the "Kossel" or "solid on solid" (SOS) rule (MUller-Krumbhaar,
1979) to restrict the number of possible surface configurations to fve. These five sites
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are (1) adatorn, 2) ledge, 3) kink, 4) step, (5) face, which are bonded to 1 2 3 4 and 
adjacent atomic crystal sites, respectively. The rate laws of the kinetic Ising model are
based on the assumption that the coordination number alone determines the individual
reactivities at different sites. For example, the activation energy of dissolving a step site
is twice as large as a ledge site in the cubic described above. See Blum and Lasaga
(1987) for an excellent review of the treatment of the kinetic Ising model in Monte Carlo
simulations for geochernical applications.
Wehrli 1988) studied the interdependence of surface morphology and the
dissolution kinetics of minerals. Starting with a perfectly flat surface, these simulations
monitor the increase in roughness at an idealized mineral-water interface. These
calculations give insight towards the various surface morphologies observed on
weathered minerals and why long times are sometimes required to reach steady state (i.e.
steady state surface morphology) in dissolution experiments. However, the models of the
dissolution process are very simplistic. For example, the total rate of dissolution is
viewed as the sm of the rate of each site dissolving from the surface. In reality, a
molecular species located in a face site has a extraordinarily low probability of entering
the solution directly, since five bonds must be broken simultaneously. Nevertheless,
Monte Carlo simulations are relatively easy to perform, yielding qualitative results
stemming from the simplified reaction models assumed.
2.3.4 Ab Inido Quantum Mechanics
Ab initio quantum mechanical calculations are a potentially valuable tool towards
understanding the fundamental mechanisms of rock-water interactions. For example,
they may provide insights regarding the stable and transition state surface species
involved in mineral dissolution and, based on a specific transition state complex
structure, activation energies for mineral dissolution can be predicted. The principles
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behind ab initio quantum mechanical calculations will not be discussed here, since they
are covered quite well in the literature (Carsky and Urban, 1980; Dykstra, 1988). We win
discuss only how they have been used in geochemical modeling applications.
Ab initio quantum mechanical methods were utilized by Lasaga and Gibbs 1990)
to investigate the interaction between quartz and water. With these techniques, potential
surfaces can be created as a function of the relative nuclei positions. Stationary points on
the potential surface occur at points where the slope is zero. These points can either be
stable species (local minimum) or transition state species (saddle points). Using these
non-empirical techniques, Lasaga and Gibbs attempted to reveal the fundamental
mechanisms of quartz dissolution.
A key requirement when applying ab initio techniques to find transition states is
that you must first choose the species that you are going to model. For complex systems,
this requirement introduces further assertions as illustrated by the elementary reaction
mechanism hypothesized by Lasaga and Gibbs 1990) given in Figure 26. hey assume
that the transition state is formed from an adsorbed water molecule. Any effects of water
clustering or of other adsorbed species (e.g. H, Na+, ...) cannot be accounted for, since
they are not included in the assumed transition state.
A second problem encountered in these ab initio techniques are the tedious and
long calculation times required to model large molecules. Computer CPU times are
proportional to the fourth power of the number of electrons in the system, thus the
representation of the surface must be simplified considerably. Most of the calculations
were done with H3SiOH as the surface cluster, while some calculations were done with a
disiloxane cluster (H3SiOSiH3)-
Calculated equilibrium geometries for the adsorbed water, transition state, and
product species are displayed in Figure 27. Expected trends are seen as the adsorbed
water species moves into the transition state. The Si-O bridging bond that must
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Figure 26 Assumed elementary reaction mechanism for quartz dissolution (from
Lasaga and Gibbs, 1990)
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eventually break has lengthened from 1661 to 1835 A. The distance between the
oxygen of the adsorbed water molecule and Si on the cluster surface is reduced from
2.786 to 1831 A, and in the product species, these two atoms form a bond of length
1.661 A. Activation energies for dissolution can be predicted from these geometries
using an approximate solution of the Schr6dinger wave equation. Lasaga and Gibbs
(1990) predict activation energies of about 90 and 64 kJ/mol using the 3-21G* basis set
and the 321G basis set with electron correlation, respectively. Electron correlation
typically yields a better approximation of the Schr6dinger wave equation. The agreement
is remarkable considering all of the assumptions inherent in the ab initio calculations.
More rigorous basis sets and other refinements (resulting in longer CPU times) can be
made to more accurately represent the quartz surface, so agreement at this juncture should
be considered fortuitous. Even exact matching of experimentally derived activation
energies does not conclusively prove that the assumed mechanism is valid.
The usefulness of ab initio quantum mechanical theory to determine transition
states is limited. One must know (or specify) the species involved in the transition state,
before the geometry can be determined. In the application of these ab initio calculations
for quartz dissolution, Lasaga and Gibbs 1990) were forced to use a very simplistic
approximation of the molecular structure of the reacting quartz surface. Ab initio
techniques are also limited in their treatment of liquids. Large scale clustering cannot be
analyzed due to computation time limitations.
Nonetheless, ab initio quantum mechanical methods are useful in elucidating
mechanistic iformation, even with the inherent limitations imposed by the
approximations needed to carry out the calculations. They represent a state-of-the-art
approach that ultimately should give rigorous results.
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2.4 Summary of Previous Work on Nfineral Dissolution
There have been many investigations on the dissolution kinetics of minerals and
many attempts to model the resulting kinetic rate data. Much of the early data is marred
by poor experimental procedures and has focused on low temperature studies. The
modeling of rate data has been dominated by empirical curve fitting. Very few
investigations have looked at the high temperature dissolution kinetics of minerals.
Therefore, considerable opportunity still exists to contribute in this very important field
of mineral dissolution kinetics.
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Chapter 3
Objectives and Approach
Given the motivating factors cited in Section 1. I and the limited current
understanding of kinetics and mechanisms of mineral dissolution as described in Chapter
2, the primary objectives of this study are two-fold (1) to obtain quartz dissolution rate
data under well-defined experimental conditions (temperature, pressure, pH, ionic
strength, surface area, etc.) and to compare results with literature data when available and
(2) to explain the observed dissolution rate data with mechanistic reasoning. A secondary
objective is to explore ways of using laboratory quartz dissolution data to estimate silicon
(H4SiO4) release rates from granite.
The approach to achieving these objectives consisted of the following steps:
(1) Develop surface preparation techniques to ensure mineral surface is
representative of the bulk.
(2) Design a reactor which minimizes interparticle abrasion and allows easy
estimation of dissolution rates from experimental data.
(3) Develop surface characterization techniques to evaluate the effectiveness of
surface preparation methods and to measure active surface areas of dissolving
minerals.
(4) Obtain dissolution rate data for quartz (Ottawa sand and crushed Hot Springs,
Arkansas crystals) and granite (crushed core samples from the Los Alamos
HDR system) under well-defined conditions of temperature 23' to 200'C) pH
(1 to 12), ionic strength (up to 17 molal), pressure and silicic acid composition.
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(5) Propose a theory of quartz dissolution incorporating effects of temperature, pH,
ionic strength, and silicic acid composition.
(6) Investigate the dissolution kinetics of granite. Evaluate the applicability of pure
quartz rate laws to the dissolution rate of the quartz phase in granite.
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Chapter 4
Experimental Techniques
4.1 Mineral Selection
Quartz has been studied by many researchers due to its congruent dissolution
behavior, relative abundance, and its tetrahedral bonding structure Kamiya et aL, 1974;
Rimstidt and Barnes, 1980; Robinson, 1982; Wollast and Chou, 1986; Grigsby, 1989;
Knauss and Wolery, 1988; Thornton and Radke, 1988; Brady and Walther, 1990; Dove
and Crerar, 1990; Bennett, 1991) Even with these extensive studies, quartz dissolution
kinetics are not well understood. This study focuses on quartz dissolution to gain insight
into the fundamental mechanisms controlling the kinetics of quartz dissolution. Granite
from EE-3A core samples taken from the Fenton Hill site of the Los Alamos National
Laboratory were also studied to obtain data on reservoir rock dissolution rates under
similar conditions.
4.2 Mineral Surface Preparation
4.2.1 Previous'Techniques
Many different mineral preparation techniques have been used by researchers
studying mineral dissolution kinetics. Typically, the crystals are first crushed to small
particle sizes to increase exposed surface areas, and therefore increase bulk reaction rates
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per unit mass of mineral. The particles are then sieved and collected in size fractions, and
washed to remove the adhering fines and any other surface contaminants.
Holdren and Berner 1979) suggested that mineral particles should first be
ultrasonically cleaned with acetone, and then etched with 5% HF / 0.09N H2SO4-
However, Perry et A 1983) have shown that this etchant causes fluorination into the
bulk and recommends that this treatment should not be used in silicate mineral
dissolution kinetics.
Chou and Wollast 1984) used several ultrasonic cleaning steps with acetone. A
scanning electron microscope (SEM) verified that the fines were effectively removed.
Holdren and Speyer 1985) washed their samples with distilled water. SEM revealed that
numerous fines were adhered to the samples after the washings. Knauss and Wolery
(1986) used a combination of gravitational settling and ultrasonic cleaning in
isopropanol. SEM examination showed that most of the adhering fines were removed
from the sample.,
The importance of mineral preparation on the surface properties of minerals has
been stressed by Somasundaran 1970) and Somasundaran and Moudgil 1979). They
favor leaching with HN03 over HO and HF, since nitrate ions do not adsorb specifically
on the mineral surfaces. Leaching with HF and HO has resulted in a wide range of
reported isoelectric points for quartz. The isoelectric point (iep) is measured by
electrophoresis, and is the pH at which there is no charge outside the slipping plane. A
similar quantity, the point of zero charge (pzc) is determined from titration curves and is
the pH at which no acid or base is consumed in generating a surface charge. Gaudin and
Fuerstenau 1955) obtained an isoelectric point of 37 for quartz treated with boiling
hydrochloric acid while Li and DeBruyn 1966) obtained a value of 2 for quartz from the
same source treated with boiling aqua regia, concentrated HCI, 48 % HF solution, and 0. 1
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N NaOH, successively. Similar effects on alumina (Korpi, 1965) and geothite
(Flaningham, 1960) have been reported.
Somasundaran and Moudgil 1979) could not offer a universal preparation
method but suggested that grinding should be done in containers that are harder than the
sample, leaching with dilute nitric acid or perchloric acid should be used for removing
contaminations, and that the final step should always be aging the sample in water.
Somasundaran 1970) suggested that aging be performed at a pH value close to the
isoelectric point of the sample to minimize the length of this step.
4.2.1 Mettiods employed in this study
In our experiments two representative, well-studied types of quartz were used:
crushed, clear, Hot Springs, Arkansas, quartz crystals and Ottawa sand. As both samples
contain some impurities and surface artifacts not representative of the bulk quartz phase,
cleaning and washing steps were used to ensure well-defined uniform surfaces.
Furthermore, crushing and other types of mechanical deformation can create a disturbed
surface layer which, if not taken into account properly, can falsify the data collected from
a quartz dissolution experiment. Other experimenters (Rimstidt and Barnes, 1980; van
Lier et al., 1960) observed initial rapid rates of dissolution as a result of a disturbed layer.
Rimstidt and Barnes 1980) hypothesized that these high rates were a result of a thin layer
of amorphous silica and used their early time data to obtain an estimate for the dissolution
rate of amorphous silica. An equally plausible mechanism would be that the initially high
rate is due to a larger surface area to fluid mass ratio A, / Mw) in Equation 2.8) that is
caused by very small particles (fines) that were created by mechanical deformation during
crushing or are present from purely natural causes.
Two procedures were used to prepare the quartz particles for experimentation.
The first procedure, adapted from Grigsby(1989), was used only on the initial batch of
Ottawa sand, and includes the following steps:
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1. Sieve the a s received Ottawa sand, and collect the 20 to 28 mesh fraction 590 to
850 gm)
2. Wash the sand particles for 10 minutes in concentrated nitric acid to remove iron.
3. Tumble for three weeks in deionized water with periodic fresh water washes
4. Rinse with water.
5. Soak in water for eight weeks rinsing with fresh water periodically.
6. Dry at 1200C
The effectiveness of this sample preparation technique was evaluated both by
SEM examinations of the mineral surfaces and by the initial rate data obtained from the
spinning basket reactor. SEM photographs show that most of the fines present on the
untreated sand 'surface (Figure 4 la) have been removed by the washing step (Figure
4 lb). However, the first experiment using the prepared sand exhibited an initial period
of more rapid dissolution, taking approximately 30 hours to reach steady state at 1250C
(Figure 42). This result suggests that the initial enhanced dissolution rate may be due to
other factors besides ines dissolution. "High energy" sites may exist on the surface that
are not readily removed during room temperature washes, or perhaps these sites could be
artifacts of the drying process. Regardless of the exact nature of these sites, data should
be collected from surfaces yielding steady state dissolution rates.
The tumbling step was intended to smooth the surfaces of the Ottawa sand grains,
but proved to be ineffective. Although the sand surface looks "smooth" to the naked eye,
SEM examination displays a rough microscopic surface morphology for Ottawa sand
(Figure 4 la). The tumbling step did enlighten us to the problems of surface abrasion due
to interparticle contact. During the three weeks of tumbling, fines were seen in the
aqueous phase, despite periodic water washes. Once tumbling was stopped, the water
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(a)
(b)
Figure 41 Scanning Electron Microscope (SEM) photographs of quartz particles
before and after treatment to remove lines (present study).
(a) untreated Ottawa sand (b) washed Ottawa sand.
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(present study).
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soaking step eliminated the visible presence of fines in the soaking solution in several
days. Although our observations do not provide conclusive proof that the tumbling step
caused the fines production, reactor designs which aow interparticle contact (e.g.
fluidized bed or stirred autoclave designs) should be examined for potential particle
abrasion effects.
The second surface preparation procedure was derived from the experience obtained
from the first experimental results using the original preparation procedure. It was simply
to pretreat the quartz surfaces in deionized water at elevated temperatures (150 to
200T) in the spinning basket reactor to dissolve fines and other "high energy" sites.
This procedure was used on all of the crushed quartz crystal batches and on all but the
first Ottawa sand batch (see Section 53 for further discussion).
4.3 Mineral Characterization
4.3.1 Previous Work
Several different methods have been used for the characterization of bulk mineral
compositions. Knauss and Wolery 1986, 1989) used an electron microprobe to
determine the blk composition of albite and muscovite. Lin and Clemency .(1981)
analyzed muscovite using the single-solution method of Shapiro 1975). Holdren and
Speyer 1986) used the total dissolution method of Buckley and Cranston 1971),
followed by elemental analysis with atomic absorption spectroscopy.
Mineral surface areas are commonly characterized by the Brunauer-Emmet-Teller
method (BET) (Brunauer et aL, 1938). Most researchers report specific surface area
measured by BET adsorption (N2 or Ar). Helgeson et A 1984) claim that BET areas
overestimate the reactive surface area, but no correlation between active site area and
dissolution has been established. Chemical etching of the mineral surface may reveal the
proportion of the dislocations that are energetic, producing an estimate of the reactive
61
surface area. Wegner and Christie 1983) found that saturated ammonium bifluoride
(NH4HF2) is an excellent etchant for quartz. SEM is commonly used to observe overall
grain morphology and to check for the presence of fines (Cremeens et al., 1987; Knauss
and Wolery, 1986; Holdren and Berner, 1979). White and Peterson (1990ab) give an
excellent review of surface area concerns as they apply to geochemical kinetics in natural
systems undergoing weathering.
Other surface characterization methods are needed to measure the composition of
the "surface" and into the bulk. X-ray photoelectron spectroscopy (XPS) can determine
chemical compositions of surfaces compositions. XPS was useful in evaluating the
leached layer hypothesis Berner, 1978; Petrovich et al., 1976; Muir et al., 1989). Auger
electron spectroscopy (AES) is another technique for determining surface compositions.
Perry et A 1983) used AES along with argon ion sputtering to determine how deep
fluorination had occurred into the mineral bulk. However, Chou and Wollast (1985b)
discovered problems with the sensitivity of AES due to the surface roughness of albite.
They concluded that XPS is a better technique for analyzing the chemical composition of
mineral surfaces. Secondary Ion Mass Spectroscopy SIMS) is a good technique for
depth profiling. Muir et al. 1989) analyzed the composition of Na, Al, Ca, and Si from
the surface to 1000 A into the mineral bulk. They experienced difficulties in the analysis
of Na possibly due to charge induced migration during the SIMS experiments. Casey et
al. (1988b) used Rutherford Backscattering (RBS) to determine depth profiles of Al, Si,
and Ca to 100 A with a depth resolution of 100 A. Some interference between Al and Si
makes interpretation of the RBS spectra difficult. Petrov et al. 1989) studied the
metastable electron-hole centers (dangling bonds or unpaired electrons) in Amelia albite
using electron paramagnetic resonance, however the importance of these electron-hole
centers to mineral dissolution has not been established. Kane 1974) reviewed these and
other surface characterization methods.
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A reliable method of determining mineral surface area is critical in order to
compare work performed by different researchers. The more advanced techniques
described in the previous paragraph are useful for minerals that have the potential for
incongruent dissolution (e.g. feldspars). However, analyses are typically complicated by
the non-quantitative nature and sample charging effects associated with these advanced
techniques.
4.3.2 Present Study
Surface Morphology:
The surface morphology of quartz samples used in this study were characterized
using Scanning Electron Microscopy (SEM) equipment (Cambridge Stereoscan 240
Mk3) located at the Center for Materials Science and Engineering at MIT. SEM was
used to evaluate the effectiveness of the sample preparation procedures by comparing
untreated, washed, and reacted surfaces. SEM provides qualitative information on the
degree of microscopic surface roughness of the samples. The Cambridge Stereoscan 240
MU has a resolution limit of 35 nm, however, a practical limit of approximately 400 nm
(0.4 gm) was observed due to sample charging effects.
Surface Area Basis:
The surface area term, As, in Equation 2.8) underscores the importance of
knowing the active dissolving surface area. Many investigators have indicated that the
BET-derived surface area from nitrogen, krypton, or argon gas adsorption is the correct
surface area to use; however, the true reactive surface area may be different from the BET
value. At the opposite extreme, a nominal value of the surface area based on the bulk
geometric characteristics of the quartz sample can be used whether it is a slab, disc,
cylinder or crushed into a quasi-spherical rough particle shape. Both geometric and BET
surface areas are reported for samples used in this study. The BET values were measured
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by Micromeritics using krypton adsorption. The specific geometric surface areas (as) are
calculated by assuming that particles are smooth spheres with surface areas and masses
based on an effective spherical diameter (de) and the density of quartz (p)
n (d, 2 6
as = (4.1)
(7c / 6) (Q I pdeP
Equation 4. 1) also holds if the particles are smooth cubes. The effective spherical
diameter (de) needs to be calculated based on the maximum (dnm) and minimum (dmin)
particle sizes obtained from sieve sizes used. We are interested in an area-averaged
diameter (or the reciprocal of the average Ild value) not the arithmetic mean of dmax and
dmin. A particle size distribution is needed to rigorously calculate de. In our calculations
a flat particle distribution was assumed (every size from dmin to dmax has an equal
population density). Averaging l1d from dmin to dmax yields the following equation:
dmax 8d
rnind
de admax (4.2)
8d
d
Integrating Equation 4.2) results in the following log-mean expression for de:
d max - d min
de dmax (4.3)
In
dmin
Equation 4.3) will yield de values very close to the arithmetic mean of dmin and dmax for
narrow particle size ranges. For wide particle size ranges, calculated de values will be
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lower than the arithmetic mean since the smaller particles contribute proportionally more
area than the larger ones. Surface area data (particle size, geometric surface area, and
BET surface area) pertaining to the two different quartz types used in this study are listed
in Table 52.
The geometric surface area basis was found to be very useful in this study, since it
allows the correlation of dissolution kinetics measurements on quartz slabs at high
temperatures > 250'Q with those on much smaller crushed quartz and quartz sand
particles at lower temperatures, thus extending the limits of the correlation. For
regression purposes, one needs a measurement technique which measures areas that are
linearly proporfional to the reactive surface area; while knowing the true value is not
necessary.
Surface Contamination:
Several experimental techniques were used to characterize the extent of surface
contamination when worn bushing material was thought to be interfering with the
dissolution of silica from the quartz surface. Secondary Ion Mass Spectroscopy (SIMS),
Auger Electron Spectroscopy (AES), and X-ray Photoelectron Spectroscopy (XPS) were
evaluated for their ability to detect hypothesized carbon contamination from the
disintegration of the Rulon bushing material in the magnetic drive unit (see Section 44.2)
Sample charging problems made AES analysis essentially useless. Both the MS and
XPS analyses were complicated with carbon contamination from the air. SIMS analysis
resulted in very large carbon peaks, since the technique's carbon sensitivity was very high
with respect to its sensitivity to silicon. However, quantifying this sensitivity ratio is very
difficult. Even after sputtering a supposedly clean Ottawa sand surface for 20 minutes
(- 1000 A), the carbon peak was still three times higher than the silicon peak. XPS
yielded slightly more quantitative results, however interpretation of these results was
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difficult. Rulon-contaminated sand particles were found to have less carbon than the
clean Ottawa sand. Since no completely quantitative surface analysis techniques were
developed during this study, care was taken to eminate any sources of contamination.
Bulk Impurities:
The purity of the quartz samples studied were analyzed using the Tracor Northern
TN-5400 Energy Dispersive X-ray (EDX) analyzer attached to the SEM used to observe
the surface morphology of the samples. The EDX analyzer has a detection limit of
approximately 0.5% and probes the surface layer of the sample to a depth of I M. No
impurities were detected using this technique.
4.4 Reactor Design
4.4.1 Previous Designs
Most of the dissolution rate data reported in literature were obtained using batch
reactors, particularly before 1984 (Kitahara, 1960; O'Connor and Greenberg, 1958;
Rimstidt and Barnes, 1980; Robinson, 1982; Siebert et A, 1963; Weill and Fyfe, 1964).
Continuous-flow reactor designs have been used more recently (Chou and Wollast, 1984,
1985a; Grigsby, 1989; Holdren and Speyer, 1985, 1986; Knauss and Wolery, 1986, 1988,
1989). All of the continuous-flow reactors, except Grigsby's packed bed reactor 1989),
are assumed to behave as ideal continuous-flow stirred tank reactors (CSTR). Perfect
back-mixing is assumed in a CSTR, therefore the outlet composition is equal to the
composition anywhere in the reactor. If constant density and flow are assumed, the
general mass balance becomes
rnet ( out in PC (4.4)MH4SiO4- MH4SiO4
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where r,t is the bulk rate of reaction (mol/kg-s), is the residence time (s) of the reactor
(liquid mass in the reactor divided by the mass flow rate through the reactor), and out
"i4SiO4
and m the concentrations (mol/kg) of the outlet and inlet streams to the reactor,H4SiO4 are
respectively. Therefore, Equation 4.4) yields the bulk rate of reaction based on three
easily measured parameters.
Batch reactors are easier to operate than CSTRs and more accurate in determining
very slow kinetics, but the rate data are harder to interpret since the dissolution rate rnt is
measured as an integral over batch time,
t
f rn,_tdt = mH4&04(t) MH4SiO4(O) (4.5)
0
where MHA04 (0) and "ZH4SiO4 Q) are the initial and final concentrations (mol/kg) of the
reactor, respectively. Equation 4.5) also applies to an ideal plug flow reactor where t is
the contact time, and mHA04 (0) and MH4SiO4 Q) are the inlet and outlet concentrations of
the reactor, respectively. The rate can be found by numerical differentiation, but this is
inherently inaccurate. A better procedure is to assume a functional form of rnt, integrate
the form, and fit the rate constants to the experimental data.
Batch reactors have other disadvantages besides the complexity of data analysis.
Several data points must be taken to calculate the dissolution rate, making data collection
slower than with continuous-flow reactors. Also, the concentration increases throughout
a run, which may cause the net dissolution rate to change.
In recent years, most researchers have switched to continuous-flow reactors.
Chou and Wollast 1984, 1985a) performed their experiments in a fluidized bed reactor
(Figure 43), where most of the effluent was recycled back to the reactor inlet to keep the
particles fluidized. The recycle ratio (ratio of recycle flow rate to outlet flow rate) varied
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between 17 and 30. These values for the recycle ratio are high enough for their fluidized
bed reactor to approximate a CSTR (Carberry, 1976). One criticism of fluidized bed
reactors is the abrasion caused by turbulent collision of particles. This abrasion could
lead to production of fine particles (see Section 42. 1), resulting in misleading dissolution
rate data.
Holdren and Speyer 1985, 1986) used a single-pass stirred flow-cell reactor
which was mixed by a magnetic stirring bar (Figure 44). Holdren and Speyer 1986)
noted that the coarser samples tend to form a conical pile beneath the stirring bar. The
flow-cell reactor would approximate CSTR behavior only if there was sufficient
circulation through the pile, but the effects of stirring rate were not studied, so these data
must be viewedwith caution.
Knauss and Wolery 1986, 1988, 1989) used a single pass flow-through system
with a fixed bed of particles. Knauss and Wolery assumed that their reactor approximates
CSTR behavior since it has a short bed depth (about I mm) and very small concentration
gradients within the reactor. Packed bed reactors are usually modeled assuming plug
flow behavior, but if there are small axial concentration gradients, they can be assumed to
behave as a differential reactor. A differential reactor can be modeled with Equation
(4.4) with the rate taken at the average concentration in the reactor. Since dissolution is
zero order with respect to SiO4 at low concentrations, the difference between the
average concentration and outlet concentration of H4SiO4 is not important, making the
differential reactor and CSTR assumptions equivalent. The major disadvantage of the
differential reactor is the measurement of low concentrations. Accurate concentration
measurements are difficult near the detection limits of a particular analysis method.
Figure 45 illustrates the problems associated with measuring the steady state dissolution
rates for quartz at pH 14 and 21 in a differential reactor (Knauss and Wolery, 1988).
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Figure 43 Schematic of fluidized bed reactor used by Chou and Wollast
(1984,1985a).
69
Inlet
Stirring Bar
Fine Particles
Coarse Particles
Filte
Figure 44 Schematic of single-pass stirred flow-cell reactor used by Holdren and
Speyer(1985,1986).
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Figure 45 Dissolution rate data from the differential packed bed reactor
(Knauss and Wolery, 1988).
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The horizontal line in Figure 45 represents the dissolution rate at which the concentration
of H4SiO i three times the standard deviation of the blank or empty reactor
concentration calculated by the molybdic acid clorimetric method. Steady state was not
achieved in the pH 21 run before rates fell below the measurable limit; however, Knauss
and Wolery 1988) chose the last measurable point (day 2 as the steady state dissolution
rate. For the pH 14 run, Knauss and Wolery calculated the steady state dissolution rate
as the average of the final three measurable rates even though the dissolution rate at day
50 was below the detection limit. Therefore, there is a large uncertainty in Knauss and
Wolery's 1988) eported quartz dissolution rates for these particular runs.
4.4.2 Present Designs
The Batch Bottle system is simply a sealed polyethylene bottle 125 ml) that
contains the quartz sample in deionized water. This apparatus was used only for
measurements in the temperature range of 23' to 50'C where rates are low. The bottles
were opened periodically to remove solution samples. The 23'C experiments were
conducted at ambient laboratory temperatures ± 1.5'C). The 50'C experiments were
maintained by floating bottles in a constant-temperature ± I C) water bath. No agitation
was performed in 23'C experiments, while the floating bottles at 50'C were mildly
agitated from water circulation in the water bath. Mass transfer limitations are not
expected due to the slow dissolution rates at these conditions. At 50'C, the mass transfer
coefficient is approximately R10-6 m/sec based on a Sherwood number of 2,
representing the mass transfer from a spherical particle in a stagnant medium. The
dissolution rate constant at 50'C is WO-13 mol/m2s. Converting to consistent units by
dividing by the solubility of silicic acid, yields a dissolution rate constant of
RIO-12 m/sec, six orders of magnitude slower than the mass transfer coefficient. Clearly,
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no mass transfer limitations are present in the batch bottle runs. Experiments were
conducted from 4 50'C) to 29 months 23'C).
The primary reactor system used in this study was a continuous-flow stirred tank
reactor (CSTR) design developed to improve reaction conditions by virtually eliminating
abrasion effects common to fluidized bed (Hill, 1977) or actively stiffed or rocked reactor
systems. Two CSTR reactors were used in this study. The original reactor shown in
Figure 46 was designed for operation up to 150'C and 100 psig. Quartz particles were
held in an annular fixed bed using a rigid wire screen (50 mesh) basket. The basket is
rotated within an autoclave vessel to maintain good fluid contact and high mass transfer
rates, and to virtually eliminate abrasion effects common to fluidized bed (Hill, 1977 or
actively stirred or rocked reactor systems. The baffles on the inside surface of the basket
force fluid to pass through the basket. No spinning rate effects were observed in
experiments where the spinning rate varied from 15 to 130 rpm, thus implying mass
transfer is not limiting and particle abrasion effects are not present. In the original
spinning basket reactor all wetted parts were constructed of CP commercially pure)
titanium except the Viton O-rings and the PTFE Teflon bushings in the magnetic drive
unit.
An upgraded reactor shown in Figure 47 was constructed to allow operation up to
200'C and 600 psig. This reactor used the same basket as the original reactor with two
modes of operation. The spinning basket mode was exactly the same as in the original
reactor. The staiionary basket (or spinning impeller) mode, shown in Figure 47 was
developed to minimize the wear on the bushings in the magnetic drive unit. In this mode,
an axial flow impeller provides the mixing, forcing fluid to flow down into the basket.
The bottom of the basket is closed off, so the fluid must flow out through the basket
radially. This mode was also advantageous for experiments where a small charge of
quartz was desired, since the spinning basket mode showed a particle abrasion effect for
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Figure 46 Schematic of the original titanium spinning basket continuous-flow
stiffed tank reactor (present study).
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Figure 47 Schematic of the titanium stationary basket continuous-flow stirred
tank reactor (present study).
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these runs (see Section 64.5). In the upgraded reactor all wetted parts were constructed
of CP commercially pure) titanium except the Viton 0-rings and the bushings in the
magnetic drive unit.
A variety of bushing materials were used in this study (Rulon, PTFE Teflon,
Alumina, PFA Teflon). Rulon is the standard chemically resistant bushing shipped with
Autoclave Engineers' units. The exact chemical composition of Rulon is confidential,
however, it is described as "Teflon-like". After using the MagneDrive unit from 75 to
125'C and with aqueous solutions ranging from pure deionized water to solutions with
nitric acid present down to pH 17, extensive degradation of the Rulon bushings occurred.
The middle bushing which supported the weight of the basket assembly showed
significantly more degradation than the upper or lower bushings, suggesting a physical
abrasion mechanism, as opposed to chemical attack. The degradation products blackened
the Ottawa sand surface. A titanium support for the bottom of the shaft was installed to
minimize the wear of the middle bearing, however it was clear that Rulon was not a
desirable bushing material. Alumina bushings were tried, resulting in significant abrasion
of the titanium shaft. We determined that Teflon was the best bushing material, with
PFA Teflon slightly more durable than PTFE Teflon.
The original spinning basket reactor system and ancillary equipment are
schematically shown in Figure 48. A 20 L polypropylene feed tank was used to hold the
distilled, deionized water that was fed continuously to the reactor. An Autoclave
Engineers magnetic drive unit was modified to provide rotation of the titanium basket
containing the quartz sample. A charge of approximately 600 g of prepared Ottawa sand
or crushed quartz was loaded into the 045 L basket. The reactor has a liquid volume of
approximately I L (with full basket of Ottawa sand); thus a geometric surface area to
fluid mass ratio of 19 m2/kg could be maintained to permit operation over a wide range
of temperatures and residence times (,r). At 70'C, the feed water flow rate was
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Figure 48 Schematic of the original titanium spinning basket continuous-flow
stirred tank reactor system (present study).
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5.0 x 10-6 kg/s (, = 19 x 105 s).while at the maximum temperature studied of 150'C, the
flow rate was 33 x 10-4 kg/s (, = 28 x 103 S). Under these conditions we could maintain
ideal back-mixed flow and still observe measurable dissolved SiO2 concentrations in the
product effluent stream from the reactor. The spinning basket reactor had a maximum
operating pressure of bar (1 16 psia), limited by the feed pump, which constrained the
temperature to about 150'C for dissolution runs where the vapor pressure of water is
4.75 bar 68.9 psia).
A Na-fluorescein dye tracer study performed on this reactor indicated that, to
within experimental accuracy, ideal continuous-flow stiffed tank reactor (CSTR)
conditions existed with a residence time distribution (RTD) given by:
G(t = - exp [-t/,c] (4.6)
where G(t) maps out the time dependence of the tracer concentration in the product
stream in response to a unit concentration step change in the feed and 'r is the mean
reactor residence time. Figure 4.9 shows the results of the tracer test for a flow rate of
8.2 x 10-4 kg/s and a basket spinning rate of 60 rpm.
Other equipment supporting the spinning basket reactor included an electrically
heated preheater tube for the feed, a water-cooled heat exchanger for the product stream,
and a Fluid Metering, Inc. metering pump (model # RHVICKQ. The reactor itself was
wrapped in heating tape and insulated to maintain isothermal conditions. Following the
cool-down section when the product stream reached about 30'C or less, titanium tubing
and 316 stainless steel fittings were used.
The upgraded reactor system and ancillary equipment are schematically shown in
Figure 4. 10. The upgraded vessel was 24 liters (without mineral particles present) and
the aspect ratio was similar to the original reactor. The major changes, apart from the
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Figure 49 Tracer study of residence time distribution in Spinning Basket reactor
(present study).
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Figure 410 Shematic of the upgraded titanium continuous-flow stirred tank
reactor (CSTR) system (present study).
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reactor upgrade, include installation of a 60 L feed tank, a reactor outlet/inlet heat
exchanger and a Pulsa Series 7120 pump.
A Na-fluorescein dye tracer study was perfon-ned on the upgraded reactor
operating in the spinning impeller mode to test the validity of the CSTR assumption.
Figure 4 1 1 shows the results of the tracer test for a flow rate of 22 x 1-3 kg/s and an
impeller spinning rate of 60 rpm. The theoretical CSTR response to a step change in the
input solution agrees well with the experimental measurements.
4.5 Solution Composition Analysis
Two analytical techniques were used to determine dissolved silica concentrations.
The convention in literature is to cite silica concentrations as ppm SiO2 as opposed to
ppm Si or ppm Si(OH)4. To avoid this confusion, we prefer to state concentration in
units of molality (mol/kg).
The molybdate blue method was performed using a Shimadzu UV- 16OU
spectrophotometer following a ASTM standard technique #D859. Calibration was
carried out using quantitative dilutions of a silicon Atomic Absorption standard solution
(1010 ppm Si in 2 NaOH) to establish a linear Beer's law region The molybdate blue
method can be performed at two wavelengths, depending on the sensitivity required. For
concentrations from 1.7x 10-6 to 3.5x 10-5 moral Si (0. 1 to 2. 1 ppm SiO), the method is
operated at 815 nm. A wavelength of 640 nm yields good performance from 2.8xlO-5 to
I.OxIO-4 molal 1.7 to 6 ppm SiO2). Both molybdate methods are accurate to about ±5%
(with slightly higher errors near the lower detection limit). Typical calibration curves for
the molybdate blue method at 640 and 815 nin are shown in Figure 4.12. Higher
concentrations (up to 40 ppm SiO2) can be measured using the molybdate yellow method,
however, in this study, high concentration samples were diluted and analyzed using the
molybdate blue method.
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Figure 411 Tracer study of residence time distribution in upgraded Spinning
Basket with spinning impeller (present study).
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Figure 412 Typical calibration curve for the molybdate blue method at 640 and
815 nm (present study).
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Inductively coupled plasma (ICP) emission spectroscopy was used to cross-check
the molybdate techniques to ensure that silica polymerization was not significantly
affecting the determination of dissolved SiO2. ICP was also used in the analysis of the
granite dissolution experiments to determine concentrations of Si, Al, Na, K, Ca, Mg,
and Fe.
4.6 Data Reduction and Propagation of Error
Rate constants (kf) are determined from the raw experimental data are transformed into
rate constant data using Equation (2.8a):
kf = rnet (4.7)
AS MH4SiO4 / sat
MW 'nH4SiO4
The mass of water, Mw, is calculated as the product of the reactor liquid volume and the
density of the water at reaction conditions. The total quartz surface area, As, is calculated
by multiplying the specific surface area, as, by the mass of quartz used, Mqt,. rnet is
calculated differently depending on which reactor was used. For the spinning basket
reactor, the CSTR assumption allows rnet to be calculated directly from the outlet
concentration and the flow rate using Equation 4.4). All results reported for this study
are for in 0.
"444%04 _':
A similar approach could be used for the analysis of batch data using the
following expression:
MH4SiO4(') MH4SiO4(' , At)
rnet -_ At (4.8)
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However, since r,_t changes during the interval from t to t + At if the reverse reaction
[Equation 2.4)] is important, an integrated form of the rate law was used accounting for
this effect and the change in water mass due to sampling.
Msat M W kf As t
H4SiO4 H4SiO4 dt
In sat 0 sat (4.9)
MH4SiO - MH4SiO4 MH4SiO4 AV
where mo is the initial concentration of silicic acid. Since kf varies with time due toH4SiO4
fines dissolution and other transient surface effects, it was calculated during each
sampling interval [(t+At - (t)] using the following equation
'M sat M (t+At) kf As At
H4SiO4 H4SiO4In (4.10)
sat sat
MH4SiO4 MH4SiO4(t) MH4SiO4MWW
The resultant kf is a global rate constant with many elementary reaction dependencies
embedded in its value. The implications of these embedded dependencies are explored in
Chapter 6.
Error Analysis
Error analysis is an integral part of any experimental study. Ile first step in an
error analysis is an estimation of uncertainties in the measured quantities used to calculate
the experimental results. These erors can be based on the specifications of the
measuring device used (e.g. a volumetric flask) or based on the standard deviation of a set
of replicate measurements (e.g. concentration measurements). Uncertainties in
calculated results can be estimated from the errors in individual measured quantities using
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the following mostprobable propagation of error formula (see Beers 1958) for a
derivation):
2 2 aF 2 2 aF 2 2
eF ex + - ey + ez (4.11)
-1y az
where F is the parameter of interest with error eF and x, y, and z are measured quantities
with errors ex, ey, and ez, respectively. The form of Equation 4.1 1) assumes that x, y,
and z are independent of each other. For example, consider the common case where F
xylz. Applying Equation 4.1 1) to this particular function results in the following
expression:
e F 2 2 ez 2 2
2 ey 2 (4.12)
F - ex + Y ey + z ez
Likewise, Equation 4. 1 1) can be used to derive error relationships. when the function is a
simple sum or difference, a power expression, a logarithm, etc.
Equation 4.1 1) is not suitable for some of the expressions used in this study,
since the numerator and denominator were not independent. For example, in the
logarithm on the left hand side of Equation 4.9), msat appears both in the numeratorH4SiO4
and denominator. Equation 4.1 1) cannot predict the canceling out effect of the errors in
sat A Monte Carlo method of eror estimation was used in these special casesMH4SiO4'
(Press et al., 1986). The independent variables would be varied randomly in a gaussian
distribution based on their error bars. Then, the result of interest would be calculated.
This procedure is continued until a large number of result values are calculated. Finally,
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the distribution of results can be statistically analyzed, yielding error bars on the
calculated result value.
Error bars need to estimated for all of the rate data collected in this study. The
calculation of kf for experiments performed in the spinning basket reactor requires the
knowledge of the mass flow rate, the outlet concentration of silicic acid, the solubility of
quartz, the specific surface area of quartz, and the weight of quartz in the reactor. Typical
uncertainties in these measured or estimated properties are shown Table 4 .
Errors in the m can be due to three reasons: (1) errors in the analysis
H4SiO4
method, 2 erors in mH4SiO4 not due to the analytical method, 3 erors in the
quantitative dilution of samples. It is hard to decouple errors (1) and 2). Type 2) errors
include transient effects due to approach to a steady state surface morphology, effects due
to fluctuating parameters such as flow rate or temperature, and possibly other causes 
Dilutions were only carried out when the MH4SiO4 was greater than limit of our molybdate
method 10-4 mol/kg). In these cases, the uncertainty caused by the dilution was
estimated to be between to 2 depending on the dilution procedure, essentially
negligible compared to the other errors involved in MH4SiO4 A % type (1 eror was
assumed based on the uncertainties in the molybdate calibration curve and sample
analysis procedure. The fluctuation in MH4SiO4 was attributed to type 2) errors, which is
a worst case scenario since some of the fluctuation was due to the analysis method. The
error associated with the fluctuations in MH4SiO4 (varied from 1 to 16%) were calculated
by multiplying the standard deviation of the samples collected after steady state was
achieved by the 95% t-value.
The measurement of the flow rate consisted of recording the time required to fil a
volumetric flask. The uncertainty in the volume of the flask and the time required to fill
the flask are insignificant. The eror in the flow rate was calculated from the fluctuations
in its recorded value, ranging from essentially zero up to 10% 95% confidence). The
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flow rate error bars generally occurred at low flow rates < 10-4 kg/s for upgraded
apparatus) or when gradual plugging occurred.
Our dissolution rate experiments are normally performed at relatively low
sat
concentration (mH4SiO4 < 0.05 M14SiO4)' therefore, the uncertainty in the quartz solubility
does not impact the calculation of kf. For example, a 15% change in sat icallyMH4SiO4 tp
will only introduce a % change in kf.
The error in the specific surface area is the dominant term regardless of whether a
geometric or BET basis is used. Errors in the geometric surface area estimate stem from
non-spherical particles and poor knowledge of the exact particle distribution. Eors in
the BET method can be large when performed on coarse, low surface area particles,
especially when using Nitrogen ND as the adsorbing gas. Using Krypton (Kr) as the
adsorbing gas improves precision, however the accuracy is uncertain, since the cross
sectional area of an adsorbed Kr molecule has been found to vary from solid to solid
A 17 - 023 nm2) when compared to BET N2 areas (Sing et al., 1985).
BET analyses reported in this study were performed by Micromeritics Instrument
Corporation assuming the area of Kr to be 021 nm2. We sent them an alumina surface
area standard (GM 8007) from the National Institute of Standards and Technology having
a surface of 686 cm2/g with a standard deviation of 65 cm2/g from 4 measurements. The
95% confidence t-value for 3 degrees of freedom is 318, resulting in a 95% confidence
limit of ±2 1 0 cm2/g. The measured surface area of the standard was 747 cm2/g, well
within the eror of the standard, giving us reasonable confidence in the accuracy of the
method. Two smples from the same batch of Ottawa sand were sent to Micromeritics on
separate days arid returned with consistent results of 230 and 219 cm2/g. Thus, we have
confidence in the precision of the Micromeritics analysis. Previous BET analysis of a
similar batch of Ottawa sand at Los Alamos National Laboratories using N2 adsorption
yielded values of about 800 cm2/g. This value seems high since the geometric surface
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area of these particles is only 32 cm2/g. The difference between the geometric surface
area and the BET surface area is due to the small scale surface roughness. The
performance of the two methods as correlation bases is compared on Figures 53 and 54
in deionized water and on Figure 67 in NaOH solutions.
There is large uncertainty in both the geometric and BET surface area estimates.
Fortunately, when measuring trends with pH or temperature on one quartz batch, the
specific surface area can be assumed constant and does not propagate error into apparent
reaction orders or activation energies. Therefore, the appropriate error bars when
correlating data on one batch of quartz should not include the uncertainty in the specific
surface area. However, knowing the error in the surface area is crucial when comparing
results from different quartz sources. Therefore, error bars in kf are calculated with and
without the effect of specific surface area (see Table 4 1). Unfortunately, error estimates
of surface area are difficult to quantify. We have assumed a 30% error in surface area
regardless of which basis is used.
Typical error bars on relative log kf (specific surface area error not included) are
+-0.04, much less than variations seen replicate experiments. This suggest that an
unknown factor is causing the observed deviations in our replicate experiments.
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-+ kf (relative) 9%
log kf (relative) 0.04
Specific Surface Area 30%
Table 41 Typical uncertainties in measured, estimated, and calculated
parameters in the spinning basket reactor system.
H4SiO4 Concentration:
Analytical 5%
Fluctuation 6%
Dilution 2%
Total
Flow Rate:
Quartz Weight:
JSolubility Effect.
8%
3%
1%
1%
-0 kf (absolute)
-+ log kf (absolute)
32%
0.14
t satThe calculated effect on kf from a 5% error in mH4sjO4.
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Chapter 
Experimental Studies of Quartz
Dissolution in Deionized 'Water
5.1 Background
During the past 50 years, quartz dissolution kinetics and solubility
measurements have been the subject of numerous investigations. Researchers have
been motivated either because of their interest in understanding important natural
geologic processes in the earth or because of a need to quantify dissolution rates for
chemical processes above ground or for geothermal heat extraction underground.
However, while a great amount of work has been performed on the quartz-water
system, results from one research group are rarely compared with another group's
data. Over the last 15 years the situation has improved with respect to experimental
procedures and equipment used along with a much improved appreciation for the
importance of surface preparation and characterization. These factors have all
contributed to enhancing the quality of the data. However, almost without exception,
even recent investigators have not compared or correlated their rate data with others
on a fully quantitative basis (see Chapter 3 for a discussion of earlier studies on
quartz dissolution).
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5.2 Objectives
Even though deionized water is a somewhat idealized chemical environment
for quartz dissolution studies, two specific objectives are met with this system. First,
to utilize the available literature data on the dissolution rate of quartz for calibrating
the performance of our reactor design and surface preparation procedures, we needed
to make kinetic measurements in pure water. Second, to obtain a reliable global
quartz dissolution rate correlation in deionized water, our data (from 23' to 200'Q
needs to be regressed with all of the available literature data from 250 to 6250C.
Comparing data from such a large temperature range could yield a relatively accurate
estimate of the apparent activation energy for quartz dissolution in pure water. Such a
correlation should also give insight into the validity of different surface area bases
(BET versus geometric) that are used to normalize quartz dissolution kinetic data.
5.3 Experimental Results
Dissolution experiments were performed using the two different reactor
systems described in section 44.2. Reactor descriptions and temperature ranges are
listed in Table 5. 1, while mineral descriptions are given in Table 52. Also included in
Tables 5.1 and 52 are run conditions, reactor designs, and mineral descriptions for
twelve studies of quartz dissolution from previous researchers that were selected for
correlation and comparison. Values for geometric and BET surface areas are given in
Table 52. BET areas reported in this study were analyzed by Micromeritics using
krypton adsorption on samples following experimental runs. BET values for other
investigators were cited in Table 52 if available in their published results. Geometric
surface areas are calculated using Equation 4.1).
Results from the Batch Bottle and Spinning Basket apparatuses are
summarized in Table 53 and 54, respectively. One of the more striking results found
in this study is the time required to reach steady state at low temperatures, in spite of
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Investigator Reactor Type Wetted Material Temp
(OC)
Table 5.1 Experimental reactor designs and conditions from studies
shown in Figures 53 and 54.
Present Study:
Earlier Studies:
Bennett (I 99 )
Berger et al. 1994)
Blum et al. 1990)
Brady and Walther 1990)
Dove and Crerar 1990)
Grigsby 1989)
Kitahara 1960)
Rimstidt and Barnes 1980)
Robinson 1982)
Siebert et al. 1963)
van Lier et al. 1960)
Weill and Fyfe (964)
Batch Bottle (B)
Spinning Basket (CSTR)
Shaking Bottle (B)
Floating Bottle (B)
Mixed Flow (CSTR)
Fluidized Bed (CSTR)
Floating Bottle (B)
Mixed Flow (CSTR)
Packed Bed (PFR)
Autoclave (B)
Rocking Autoclave (B)
Rocking Autoclave (B)
Stirred Autoclave (B)
Spinning Disc (B)
Rotating Tube (B)
Autoclave (B)
Polyethylene
CP Titanium
Polyethylene
Polypropylene
CP Titanium
"Plastic"
CP Titanium
Teflon-lined SS
Silver-lined steel
Titanium
316 SS
Stainless Steel
Platinum
Inconel
23-50
70-200
25-70
25
200-300
25
200-300
25
400-480
65-305
200-250
184-255
248-332
70-90
400-625
t B = batch - closed system
CSTR = continuous flow sffed tank reactor
PFR = plug flow reactor
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Specific Surface Area
Investigator Mineral t Particle Size geometric BET
(gm) (crn%) (CM2/g)
Present Study: Ottawa Sand 590-850 32 225
Crushed AK 2380-4000 7.3 40
Earlier tudies*
Bennett 1991) Crushed RL 30-75 461 1700
Berger et al. 1994) Crushed ML < 50 - 3100
Crushed AK 150-200 130 1100-2000
Blum et al. 1990) Synthetic 53-110 240-298 545-1009
Brady and Walther 1990) Crushed AK 74-149 211 1110
Dove and Crerar 1990) Crushed AK 150-250 116 230
Grigsby 1989) Ottawa Sand 590-850 32 225
Kitahara 1960) Slab 5xlOxl5 mm - -
Rimstidt and Barnes 1980) Sand 100-1000 58 920
Robinson 1982' Crushed AK 53-1000 27-360 -
Siebert et al. 1963) Disc (0001) 64.8 mm - -
van Lier et al. 1960) Crushed BZ 5-10 3140 3600
Weill and Fyfe 1964) Slab AK - - -
Table 52 Mineral descriptions from studies shown in Figures 53
and 54.
t AK = Hot Springs, Arkansas Quartz
BZ = Brazilian Quartz
R = Red Lake, Ontario
m = Montredon Labessonid, France
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Run Temp sat Run MqtzMH4SiO4
Duration
(OC) (mol/kg) (days) (g)
BI 23 1. 2x 10-4 884 25
B2 23 1.2xIO-4 884 50
B3 23 LWO-4 884 75
B4 23 LWO-4 884 50
B5 23 1.2xIO-4 812 150
B6 23 1.2xIO-4 812 75.5
B7 50 2.3xIO-4 122 50
B8 50 2.3xIO-4 122 80
B9 50 2.3xIO-4 122 150
Table 53 Summary of Batch Bottle experiments (present study)
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Run Temp outlet Mqtz Flow Rate
MH4SiO4
(0c) (mol/kg) W (kg/sec)
Table 54 Summary of Spinning Basket experiments (present study)
Ottawa Sand
(SB #1 7 70 1.78xI0-6 600 5.00x10-6
6 100 8.27x10-6 600 1.50xj0-5
8 100 9.32xI0-6 600 1.23x 10-5
1 7 100 7.90xI0-6 606 1.55xlo-5
47 100 1-75xI0-6 507 3.27x 10-5
3-5 125 5.99x10-6 600 1.53xI0-4
I 0 125 7.35xI0-6 600 1.62x10-4
1 2 125 1.04xlo-5 606 1.54x10-4
27 125 1.83xj0-5 606 7.00xj0-5
37 125 1.23xlo-5 507 8.50x 10-5
43 125 6.82xI0-6 507 6.67x 10-5
53 125 3.63xI0-6 507 7.87xlo-5
54 125 6.36xI0-6 549 6.67xlo-5
56 125 5.41x10-6 549 4.85xj0-5
59 125 1.33xj0-5 549 3.33x10-5
9 150 2.20xj0-5 600 2.83x 10-4
1 1 150 1-87xj0-5 600 3.90x10-4
(SB #2) 93 150 3.61xI0-6 496 3.77xI0-4
98 150 I. 16x 10-5 539 2.16xI0-4
62 175 1.36xlo-5 549 5.32x 10-4
63 175 9.07xj0-6 549 8.83x10-4
64 175 7.80x 10-6 549 9.40xI0-4
67 175 1.00X10-5 549 9.27x10-4
69 175 9.29xI0-6 549 9.08x 10-4
65 200 1. 15x 10-5 549 2.02xj0-3
66 200 1.57xj0-5 549 1.69x10-3
Hot Springs, AK quartz
(SB #2) 116 150 9.85xI0-6 452 3.33xj0-5
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the sample preparation procedures. Figures 5.1 and 52 show the dissolution rate
constant, kf, as a function of time in the 23T and 50'C Batch Bottle experiments,
respectively. At 25'C, approximately 400 days were required to reach steady state,
while at 50'C the time required dropped to about 70 days. Concentration versus time
data for the Batch Bottle apparatus are listed in Table 10.2. Two points must be made
about the 50'C data in Table 10.2. First, the temperature controller failed after about
86 days of operation, causing the water bath to reach 97'C for several hours. Samples
were taken after this event, and used as the initial concentration for the subsequent
samples. Due to its high rock-water ratio and decreasing liquid volume due to
sampling, run B9 had to be diluted twice. After the temperature controller failed, 30 g
of water was added to the contents of the B9 bottle. Also, two samples later, 24 g of
liquid solution was removed and 54 g of water was added to keep the solution far from
saturation. All of these events are noted in Table 10.2 by resetting the time to zero.
However, cumulative time is used in the presentation of kf in Figure 52.
The dissolution rate constant, kf, is listed in Tables 5.5 and 56 as a function of
temperature for experiments carried out in this investigation and twelve earlier
investigations, respectively. For clarity, kf normalized by both surface area bases, if
available, are presented in Tables 5.5 and 56. The method used to estimate kf is
discussed in Section 46.
5.4 A Dissolution Rate Correlation from 25' to 625'C
Figures 53 and 54 correlate all the dissolution rate data from 250 to 6250C
cited in Tables 5.5 and 56 using geometric and BET-derived surface area estimates,
respectively. Both figures are in the form of Arrhenius (log kf versus I/T) plots. Data
from the two reactor systems of this study are combined with the results of the twelve
previous studies to arrive at linear-least squares correlations over the entire
temperature range.
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Figure 5.1 Quartz dissolution rate constant versus time at 23'C in the
Batch Bottle reactor (present study).
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Figure 52 Quartz dissolution rate constant versus time at 50'C in the
Batch Bottle reactor (present study).
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Present Study Run Temp log kf 
(OC) geom BET
Quartz dissolution rate constant data in deionized water
(present study) plotted in Figures 53 and 54.
Table 5.5
* 23
* 23
* 23
* 23
23
23
50
50
50
70
100
100
100
100
125
125
125
125
125
125
125
125
125
125
150
150
150
150
150
175
175
175
175
175
200
200
Batch Bottle
Spinning Basket 1
Spinning Basket 2
BI
B2
B3
B4
B5
B6
137
B8
B9
7
6
8
17
47
5
10
12
27
37
43
53
54
56
59
9
11
93
98
AK116
62
63
64
67
69
65
66
-12.65
-12.62
-12.61
-12.62
-13.39
-13.37
-12.21
-12.20
-12.18
-11.33
-10.19
-iO.22
-10.20
-10.45
-9.32
-9.20
-9.08
-9.17
-9.19
-9.55
-9.75
-9.58
-9.82
-9.59
-8.48
-8.42
-8.99
-8.84
-9.00
-8.38
-8.34
-8.38
-8.28
-8.32
-7.88
-7.82
-13.50
-13.46
-13.45
-13.47
-14.24
-14.21
-13.05
-13.04
-0.02
-12.18
-11.03
-11.06
-11.04
-11.30
-10.17
-10.05
-9.93
-10.02
-10.03
-10.40
-10.60
-10.43
-10.67
-10.44
-9.33
-9.26
-9.84
-9.68
-9.85
-9.23
-9.19
-9.23
-9.12
-9.16
-8.72
-8.67
t
AK
log kf values are in mol/m2s
data points were not included in the regression. See text for details
Run 116 ig on Hot Spring, AK quartz, all others are on Ottawa sand
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Earlier Studies Temp logr kf t
(OC) geom BET
Table 56 Quartz dissolution rate constant data in deionized water
from earlier investigations plotted in Figures 53 and 54.
Kitahara 1960)
Autoclave 400
400
440
440
440
480
480
-4.45
-4.35
-4.16
-4.35
-4.51
-4.41
-4.19
van Lier et al. 1960)
Rotating Tube
Siebert et al. 1963)
Spinning Disc
Weill and Fyfe, (I 964)
Autoclave
Rimstidt and Barnes 1980)
Rocking Autoclave
Robinson 1982)
Rocking Autoclave
Stirred Autoclave
70 -12.16
80 -11.46
90 -11.16
-12.22
-11.52
-11.22
248
250
269
291
315
332
400
625
105
145
170
265
305
200
200
200
250
184
184
184.5
202
202.5
203
215
221
221
221
253
255
-6.08
-5.98
-5.84
-5.55
-5.22
-5.02
-3.95
-2.97
-10.27
-8.36
-8.43
-6.56
-6.14
-11.50
-9.59
-9.66
-7.79
-7.37
-7.05
-7.21
-7.30
-6.67
-7.96
-8.10
-8.32
-7.31
-7.49
-7.29
-7.05
-6.89
-6.96
-7.12
-6.38
-6.50
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Table 56 Quartz dissolution rate constant data in deionized water
from earlier investigations plotted in Figures 53 and 54.
Continued.
Grigsby 1989)
Packed Bed 
Blum. et al. 1990)
Fluidized Bed
Brady and Walther 1990)
Floating Bottle
Dove and Crerar 1990)
Mixed Flow
*25 -11.01 -11.85
*25 -11.65 -12.48
80 -10.75
80 -10.89
80 -10.99
-11.18
-11.25
-11.52
*25 -11.19 -11.66
*25 -11.73 -12.14
200
200
200
200
200
201
250
300
300
300
-7.63
-7.35
-7.28
-7.38
-7.26
-7.43
-6.74
-5.97
-6.01
-6.15
-12.43
-12.13
-11.73
-11.33
-10.83
-10.93
-6.84
-5.38
-5.63
-7-93
-7.65
-7.58
-7.68
-7.56
-7.73
-7.04
-6.27
-6.31
-6.45
-13.00
-12.70
-12.30
-11.90
-11.40
-11.50
-12.70
-7.92
-6.46
-6.71
Bennett (1991)
Shaking Bottle *25
40
50
60
70
70
Berger et al. 1994)
Floating Bottle
Mixed Flow
*25
200
300
300
t log kf values are in mol/m2s
* data points were not included in the regression. See text for details
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Figure 53 Quartz dissolution kinetics in pure water from 25' to 625'C
using a geometric surface area basis and Arrhenius
coordinates.
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Empiricdl equations for kf based on the least-squares lines in Figures 53 and
5.4 are given as:
kfgeom (276 ± 193) exp (90.1 25) (geometric area basis) (5. a)
RT
kfBET (24 ± 34) exp (87.7± 47) (BET area basis) (5. 1 b)
RT
where the error limits represent fits to a 95% confidence level and the units of kfg,,,,.
and kf are mol/m2 s, T is in Kelvins and R is 8314 x 10-3 U/mol K. Overall, log kf
,BET
errors are estimated to be ± 063 using a geometric area basis and ± 0.81 using a BET
area basis. An average activation energy of 89 ±5) U/mol fits both geometric and
BET bases very well.
There are several points that need to be made concerning the data given in
Tables 5.5 and 56 and plotted in Figures 53 and 54. First, not all of the data
available from previous investigators were plotted. For example, several values given
by Rimstidt and Barnes 1980) and not included in Table 56 were omitted because a
disturbed surface layer existed during their experiments. Also three data points
reported by, van Lier et A 1960) at 90'C were deleted because they came from
experiments not designed to obtain kinetic information. Although several other
investigators report quartz dissolution kinetics at pH's comparable to pure water
conditions, they employed buffered solutions (Brady and Walther, 1990; Knauss and
Wolery, 1988; Wollast and Chou, 1986). To avoid complications from possible surface
or aqueous-phase complexes, dissolution data obtained in buffered solutions were
omitted from the comparisons.
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The most striking feature in Figures 53 and 54 is the two to three orders of
magnitude variation in kf at 25bC. Extrapolating the data taken at higher temperature
down to 23'C, only the Batch Bottle runs B5 and B6 agreed with the linear correlation
(deviation from-the extrapolated correlation was less than 02 log units for either
surface area basis). Since all other runs were far from the extrapolated regression,
they were not used in the correlations presented in Equation (5.1). A discussion of
the wide variation of kf at 25'C is presented in a later section.
One would expect that the fundamental kinetic processes associated with
dissolution (e.g. bond breaking, hydrolysis, and molecular restructuring) would
dominate the temperature dependence of Equation 2.8). These intrinsic kinetic
effects are captured in the global kf rate parameter. The surface area per unit fluid
mass (As Mw) term merely scales or normalizes one set of rate data to another and
should be independent of temperature. The observed linearity in Arrhenius
coordinates and the quality of the correlations themselves shown in Figures 53 and
5.4 supports these assertions and further substantiates that the form used in
Equations 2.3) and 2.4) is phenomenologically correct.
5.5 Discussion
5.5.1 Interpretation of Activation Energy for Quartz Dissolution
The activation energy for quartz dissolution calculated in this study 89 ± 
U/mol) is somewhat higher than previously reported values. Dove and Crerar 1990)
and Rimstidt and Barnes 1980) reported consistent values of 71 ± 9 U/mol and 67-77
U/mol, respectively. Brady and Walther 1990) reported an activation energy of 46
U/mol from 25' to 60T, however this value is skewed by their high rates at 25'C.
Determining an accurate value of the activation energy is difficult. Since this study
used a large quantity of data obtained from many investigators over a wide
temperature range, its resulting value of the average activation energy is the most
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comprehensive value, especially given the linearity of the Arrhenius plot of log kf
versus I/T from 25' to 625T. Whether this average value is the most accurate value
can be questioned. Since the data from fifteen different apparatuses and many
different quartz samples are being correlated, uncertainties in the mass of water and
the quartz surface area are embedded in the activation energy calculation. One would
expect that these uncertainties should be randomly distributed and would cancel out
with a large number of data points. However, if non-random errors existed (e.g. if
surface areas at. low temperatures were erroneously high and/or surface areas at high
temperatures were erroneously low), our method would estimate an incorrect high
value of the activation energy. There is no reason to believe that errors of this type
exist in the compiled data set.
For comparison, the estimated bond energy for breaking an Si-O bond is about
228 U/mole, calculated from the heat of formation of quartz (Robie et al., 1979),
divided by the coordination number 4) of Si in quartz. The large difference between
the Si-O bond energy and the activation energy for quartz dissolution is not unusual
and a similar effect can be seen in SN2 (bimolecular nucleophilic substitution)
reactions, where, the bond-breaking and bond-making steps are strongly coupled in an
activated complex. This difference in quartz dissolution has yet to be explained
quantitatively, however ab initio quantum mechanical calculations by Lasaga and
Gibbs 1990) predict observed activation energies of 64 to 120 U/mol depending on
the basis set used and the level of optimization.
5.5.2 Dissolution-Active Quartz Surface Area
Although the correlation of kf based on geometric area is slightly better than
where kf is based on BET-derived areas, the apparent superior fit may be fortuitous.
Nonetheless, both correlations confirm the form of Equation 2.8) as a reliable
empirical correlation which can be used to predict the rate of quartz dissolution in pure
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water spanning eleven orders of magnitude of rate change from 250 to 6250C. This
rather surprising result suggests that the global averaging effects of Equation 2.8)
provide an accurate representation of dissolution kinetics in a traditional Arrhenius
framework. Furthermore, the apparent activation energies of 90.1 ± 25 kJ/mol
(geometric area basis) and 87.7 ± 47 kJ/mol (BET area basis) are reasonable in that
they both agree with each other. The slightly better fit and higher activation energies
obtained using the geometric area basis may arise from utilizing more data over a
wider temperature range than the correlation using the BET surface area basis. If the
geometric area basis is used on the smaller data set with reported BET values, than
an activation energy of 88.4 ± 36 kJ/mol is obtained.
The similar activation energies calculated from geometric and BET area
normalizations suggests that the surface area basis is not overly important since the
BET to geometric area ratio only varies from about 2 to 7 for most of the results. The
greater than one ratio is commonly called the roughness factor, and accounts for the
extra surface area contributed by microtopography. Uncertainty in the exact value of
the roughness factor arises from the measurement of BET surface area and the
estimation of geometric surface areas. Equation 4. 1) is used in this study to yield an
approximate value for the geometric surface area. Roughness factors as low as 1.1
(van Lier et a, 1960) and as high as 16 (Rimstidt and Barnes, 1980) were calculated
from literature cited in this study. The roughness factor of 16 calculated from the data
of Rimstidt and Barnes 1980) is higher than expected for a nonporous quartz sand
surface. Looking at Figures 53 and 54, the data of Rimstidt and Bames 1980) fits
the overall correlation quite well on a geometric area basis, however, it appears to be
about one half of an order of magnitude too low on a BET area basis. The BET fit
would be greatly improved if the BET surface area reported by Rimstidt and Barnes
(1980) was a factor of 3 high, which would imply that the actual roughness factor
would be about 5. The BET surface area reported by Rimstidt and Barnes 1980) was
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based on the starting material which probably had fines adhered to its surface. These
fines would cause an eoneously high value of the BET surface area. A better
procedure would be to measure the BET surface area after sufficient reaction has
taken place to dissolve the fines. This approach was followed in our tests.
5.5.3 Uncertainties in Low Temperature Rate Measurements
Perhaps the most noteworthy feature in the kf data shown in Figures 53 and
5.4 is the apparent high dissolution rates at 25T, observed in the Batch Bottle
experiments as well as by Grigsby 1989), Brady and Walther 1990), Bennett
(1991), and Berger et al. 1994). Because dissolution rates are intrinsically very slow
at 25T, surface rearrangement or chemical annealing takes a much longer time than
required at higher temperatures. For example, with an activation energy of about
89 k/mol, the intrinsic dissolution rate increases 16-fold for a 25'C increase in
temperature from 25' to 50T. The extremely slow dissolution rates at 25'C require
careful surface preparation followed by experiments of long duration > 300 days).
The need for long-term experiments is borne out by a calculation of the thickness of a
hypothetical uniform layer dissolved during a one year experiment at 25T. If kf on a
BET basis _jx10-14 mol/m2s 25'Q is divided by the molar density of quartz
(4.4x 104 ml/m3), the resulting rate constant is 2.3x 10 19 m/sec, or -0. 1 A layer
dissolved in one year. This calculation suggests that long times may be required
before steady state conditions are attained.
There are two sets of Batch Bottle experimental results plotted in Figures 53
and 54. The first set (BI to B4) was performed on Ottawa sand using the standard
sample preparation procedures plus an additional soaking in 70'C water for 10 days.
Data from this set has the higher dissolution rate constant. The second set of
experiments (B5 and B6) was performed on Ottawa sand taken from the Spinning
Basket reactor after exposure to temperatures from 70' to 150'C for a period of 0
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days. This batch of sand should have annealed somewhat with a very low
concentration of "high energy" sites remaining. A plot of the dissolution rate versus
time is shown in Figure 5.1 at 23'C. The log kf for the second data set dropped to
within 02 log units of its steady state value in 150 days and agrees well with the
correlations in Figures 53 and 54. The first set of experiments reacted for 230 days
before their rate constant dropped to within 02 log units of its steady state value.
Defining the steady state value is difficult in these cases with the rate constant
dropping slowly with time. The attainment of steady state was assumed after the run
time of 812 to 884 days was reached.
The discrepancy between the two data sets is difficult to explain. One notable
difference between the two data sets is the solution pH at the end of the experiments.
The pH of runs I to B4 was 5. 1, while the pH of runs B5 and B6 was 57. However,
based on the trends shown in Figure 2 , the lower pH of runs I to B4 should cause
the dissolution rate to decrease. Although the dissolution rate difference cannot be
directly associated with the pH discrepancy, the different solution environment may
be an indicator of some unknown species which affects the dissolution rate.
Perhaps rates from runs B1 to B4 will eventually decline to agree with B5 and
B6. However, the data in Figure 5.1 appear to be near their steady state value.
Based on extrapolation of higher temperature rate constants and the more aggressive
pretreatment of runs B5 and B6, the rate constants obtained from runs B5 and 6
should be more'reliable than from the runs BI to B4. Although only runs B5 and 6
are included in the overall correlation, runs BI to B4 are also plotted in Figures 53
and 54 for comparison. he remaining 25T data plotted in Figures 53 and 54 are
also excluded from the correlation. The run times in these experiments vary from 57
days in Berger et al. 1994) to I day in Grigsby 1989). Based on the time to steady
state results in Figure 5.1 and the lack of correlation between these data and the
higher temperature data, these data can be justifiably removed from the correlation.
110
5.5.4 Further Directions and Mechanistic Modeling Approaches
A general empirical correlation for estimating the intrinsic dissolution rate of
quartz in pure water from 25' to 625'C was presented. Data obtained from two
different apparatuses in this study correlated favorably to rate measurements reported
by twelve previous studies using either geometric or BET-determined surface area
bases. Discrepancies in 25'C measurements were resolved by waiting sufficiently
long to permit annealing processes to produce a "steady state" dissolving surface.
Eleven orders of magnitude of variation of dissolution rate occur over a 600'C
temperature change exhibiting Arrhenius-like behavior with an average activation
energy of about 89 ± U/mol SiO2. Even over this enormous range of rates, the
global dissolution model with a uniform activation energy more than adequately
correlates all rate data using normalizations by geometric or BET-determined specific
surface areas that span about two orders of magnitude themselves. A separate
publication (Tester et al., 1994) provides documentation of our quartz dissolution
measurements in deionized water.
Given the inherently complex nature of quartz hydrolysis. and dissolution, the
simplicity of the global correlation given by Equation 2.8) is striking. However, more
work needs to be done to test the validity of the global model. For example, how does
pH and ionic strength affect dissolution rates and how does one quantify the influence
of the surface morphology of quartz on these kinetic phenomena on a molecular-level.
The effects of pH and ionic strength on quartz dissolution are examined in Chapter 6,
while Chapter 7 compares the dissolution behavior of granite to quartz. More
sophisticated modeling techniques are discussed in Chapter .
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Chapter 6
Experimental Studies of pH and Ionic
Strength Effects on Quartz Dissolution
6.1 Background
The composition of the aqueous solution surrounding the dissolving quartz
surface plays a very important role in determining the kinetics of quartz dissolution.
Thus, the ability to understand this phenomenon is crucial in predicting dissolution rates
in natural environments, where a wide variety of species are found in solution. The effect
of pH on quartz dissolution rates was discussed in Chapter 2 (see Figure 2 1), however,
these earlier investigations (Kamiya et A, 1974; Wollast and Chou, 1986; Knauss and
Wolery, 1988; Grigsby, 1989; Brady and Walther, 1990; House and Orr, 1992) were
performed only up to 90'C. Some of the experiments were conducted at constant ionic
strengths, some controlled pH using variable ionic strength buffers, while others simply
add acids or bases to adjust pH. Rigorous comparison of the data presented in Figure 21
requires the knowledge of how electrolyte concentration affects quartz dissolution. Dove
and Crerar 1990) performed quartz dissolution experiments in to 0. 15 molal (mol/kg
H20) solutions of NaCl, KCI, LiCl, M902, and found that in all cases the presence of
electrolyte increased the rate above the values measured in deionized water. However,
the effect of electrolytes may be different when acids or bases are added to the solution.
The effect of pH and ionic strength has been studied by Gratz and coworkers 1990,1993)
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using "negative crystal" experiments at 166'C and 21 VC, however, a direct relationship
between the dissolution rate and the linear retreat rate of etch pit walls has not been
quantitatively established.
6.2 Objectives
This chapter builds upon the studies of quartz dissolution in deionized water
reported in Chapter 5. The objective of this work is to quantify the effects of pH and
ionic strength. Specifically, the effect of adding acids, bases, and salts on the rate of
quartz dissolution was studied. Three experimental groups were carried out: (1) the
effects of HN03 and NaOH at temperatures from 100' to 200'C with no salt present, 2)
the effects of NaOH at 150T with NaCl added to maintain a constant sodium
concentration (constant ionic strength), and 3) the effects of added NaCl and Na2SO4
with NaOH added to maintain a constant OH- concentration.
6.3 Correlation of Kinetic Data
The basic hypothesis assumed here is that H+ and OH- catalyze the dissolution
rate by some mechanism of interaction with the quartz surface. In the previous work
performed at low temperatures, rate data are typically reported as the logarithm of the rate
versus pH. There are two potential complications with this approach. First, when
correlating data over a range of temperatures at high pH, changes in the dissociation
constant of water affect the apparent activation energy. Second, the concentration of H+
and OH- may be the appropriate regression parameter, rather than the activity. This
issue is very difficult to resolve experimentally since dissolution rates can increase
rapidly with changes in solution composition, while the activity coefficients may only
change slightly. For this case, since activities and concentrations vary similarly, the
quality of the regression will be identical regardless of which regression basis is used.
In non-linear systems, the magnitudes of the regressed parameters and the
robustness of a correlation, in general, is frequently dependent on the choice of regression
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bases. For example, changing the regression basis from pH to log OH- concentration
yields a different apparent activation energy. An analogous problem arises when
correlating the effects of added salt. Possible egression bases could be (1) the ionic
strength of the solution, 2) the concentration or activity of the cation, 3) the
concentration of activity of the anion, or 4 a combination of these bases. The ionic
strength basis might be appropriate if the salt ions catalyze the dissolution rate by
adjusting the electrostatic properties of the aqueous medium. Bases 2) and 3) might be
more appropriate if the activated complex contains the salt anion or cation. Likewise, a
combination of these bases could be appropriate if both of the above mechanisms are
important The ionic strength basis can be tested by using two different salts at the same
ionic strength, and determining if the differences in the experimental results are
statistically significant. Dove and Crerar 1990) found that NaCI and KCI enhanced
dissolution more than LiCl and M902, suggesting that the salt cation concentration (or
activity) plays an important role in determining the rate of quartz dissolution. The ionic
strength basis may also have a secondary effect on quartz dissolution, but this effect
would be very difficult to decouple from the primary effect of salt ion catalysis.
Rate constant data are calculated exactly in the same manner as in Chapter ,
using Equation 4.7). The value of kf has the dependencies of solution composition (other
than the silicic acid composition) embedded in it and the solubility of quartz is corrected
for pH effects using the method of Fleming and Crerar 1982). The concentration of ions
in solution must be calculated at the reaction temperature in order for correlations to be
meaningful. Based on the quantities of acid, base, and/or salt added to the feed tank at
room temperature, a model was developed to calculate the ion concentration in the
reactor. This model uses an iterative procedure to solve the equilibrium relations and the
charge balance, incorporating experimental dissociation constants published in literature
with activity coefficients calculated from the Extended Debye-Hiickel equation (Zemaitis
et al., 1986). For a complete description of the model, see Appendix 10.1.
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Now that we have determined the dissolution rate and the concentration of ions in
the reactor, all that is left is to develop a functional relationship between quantities.
While the exact functional form of the relationship between the dissolution rate and the
concentration of ions in solution is not known, empirical relations can be used to fit the
data. Care must be taken not to assign too much mechanistic information from the results
of the correlation, since results change as more data are regressed over a wider range.
Empirical correlations are approximations of the true functional form of the rate
dependencies, where the goodness of the fit usually deteriorates as the range of data is
expanded.
As a first approximation, the rate data can be represented in neutral and basic
solutions with a simple global rate law of the following form:
M b C (6.1)
kf = kHNa OH- MNa-
where kf is the global dissolution rate constant defined in Chapter 5, molt and Na+ are
molalities of OH- and Na+, b and c are the apparent reaction orders of OH- and Na+,
respectively, and kHNa is an empirical rate constant with the dependencies on H- and
Nat factored out of 4. Parameters regressed from experimental data using this equation
are only valid for the system studied. For example, parameters regressed from a
NaOH/NaCI system wl not necessarily be equal to the regressed parameters from a
NaOH/Na2SO4 system.
Although the form of the rate law in Equation 6. 1) initially came from
elementary reaction modeling where b and c are integers and represent the
stoichiometries of the reactants involved in the activated complex, equations like
Equation 6. 1) have been used frequently to model complex kinetics where b and c are
fitted to the experimental data and are no longer constrained to be integers. In this
context, b and c are simply fitted parameters conveying little on no mechanistic
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information. However, in many situations, Equation 6. 1) can fit rate data over a wide
range of experimental parameters, and is thus a useful empirical tool.
6.4 Experimental Results
Dissolution experiments were performed in the continuous flow stirred tank
reactor systems described in Section 44.2. The actual reactor configuration for each run
is reported in Table 61 along with a description of the quartz batches (quartz type and
weight). See Table 52 for particle size and surface area information. 'Me following four
sections describe the experiments carried out in order to quantify the effects of adding
different electrolytes to the quartz-water system.
6.4.1 Effect of H+ with no salt present
Only a few experimental studies have indicated a significant increase in rate as pH
is lowered below pH 3 Most of the data at 25'C (see Figure 2 ) shows a large increase
in dissolution rate as the pH is raised above pH 6 while below pH 6 the dissolution rate
is nearly independent of pH. In some cases a acid-catalyzed reaction was observed below
pH 2 Kamiya et al., 1974; Grigsby, 1989). We sought out to quantify the effect of the
acid-catalyzed mechanism at low pH.
The fast set of experiments were carried out in the original 1L titanium spinning
basket reactor at 1OO'C and 125'C (see Table 62 for the experimental data). Figure 61
displays the data on log kf versus pH (at 23'Q coordinates. The pH at the reaction
temperature would be a more appropriate abscissa, however, the pH of HN03 slutions
changes very little with temperature, since it is a strong acid (-I 00% dissociated) and the
mean ionic activity coefficientY± MO3), does not change much with temperature. The
speciation model described in Appendix IO. I was used to verify this reasoning. The pH
of solutions in equilibrium with C02 were calculated for m 0, 1 x 10-5, and 1 x 1-2HN03
molal, with the results listed in Table 63. The small corrections required are not
significant considering the uncertainty in the data.
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Run Reactor Spinning Seal / Bushing c N2 Quartz Mqtz
Range Vessel a Mode b Sparging Type d (g)
1-11 SB#1 SB EPDM 0-ring No Os 600
12-34 of SB Magnedrive/Rulon No Os 606
35 SB No Os it
36-53 SB Magnedrive/PTFE No Os 507
54-60 SB it No Os 549
it61-84 SB#2 SB No Os
85-96 it SB it No Os 496
97 of SB it Yes Os it
98-99 it SB Magnedrive/A1203 Yes Os 539
100-103 SB Magnedrive/PFA Yes Os if
104-106 SB 11 Yes Os 28.9
107-116 SB it Yes AK 451.85
117 Si Yes AK
118-154 to Si It Yes Os 85.7
Table 61 Experimental Summary.
a SB#l:
SB#2:
b SB:
SI:
C EPDM:
FITE:
A1203:
PFA:
d OS:
AK
original spinning basket reactor
upgraded spinning basket reactor
spinning basket mode
spinning impeller (stationary basket) mode
Ethylene-Propylene copolymer (excellent chemical resistance up to 150'C)
FfFE Teflon
Alumina
PFA Teflon
Ottawa sand
Hot Springs, Arkansas crushed quartz
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v 0 v 100T w/ Rulon Bearings
N 125T w/ Rulon Bearings
v 100T w/ PTFE Beaings andv
new batch of Ottawa sand
0 125T w/ PTFE Bearings and
new batch of Ottawa sand
0
0
0 00
110 0
0 0
geometric area asis
v
v
v
-8.5
-9.0
11-1
CAN
::Z
9
4--4
-W
W
12
-9.5
-10.0
-10.5
1 2 3 4 5 6
pH
Figure 61 Quartz dissolution in low pH solutions of HN03 at 100T and 125T
(present study).
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Run Spinning Flow Rate MH4SiO4 log kf pH 23'C
Rate
X 106 x 106
(rpm) (10-6 kgIsec) (10-6 Mol/kg) (moj/m2s)
1000C
Table 62 Experimental data investigating the effect of H+ (from
dissolution rate of Ottawa sand.
HN03) on the
14
15
16
17
18
19
20
24
25
26
34a
34b
45
47
48
49
1250C
27
28
29
30
31
32
33
35a
35b
36
37
38
39
40
41
42
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
397
70.1
18.9
15.5
83.9
70.0
178
57.0
55.7
16.1
153
29.2
74.8
32.6
147
51.7
12.7
13.4
9.6
7.9
10.5
6.0
15.4
4.2
4.3
3.6
0.8
2.6
3.3
1.7
2.7
2.4
-8.57
-9.30
-10.02
-10.19
-9.33
-9.66
-8.84
-9.91
-9.90
-10.52
-10.19
-10.40
-9.80
-10.44
-9.59
-10.10
1.71
2.41
3.23
5.35
2.43
2.89
2.13
3.05
2.16
3.25
2.69
2.69
2.21
5.50
1.84
2.63
5.90
3.92
3.55
3.12
2.29
2.08
1.77
3.78
2.11
4.60
5.87
2.28
2.52
3.06
3.80
5.01
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
69.8
147
147
147
555
465
565
91.4
88.2
127
84.7
91.4
80.1
77.6
76.4
84.7
18.3
3.i
3.2
3.2
1.2
3.6
3.9
1.4
2.0
2.4
12.3
41.9
20.1
7.8
5.6
4.7
-9.16
-9.61
-9.61
-9.60
-9.46
-9.04
-8.93
-10.18
-10.04
-9.71
-9.18
-8.60
-8.98
-9.41
-9.56
-9.59
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Table 62 Experimental data investigating the effect of H+ (from HN03) on the
dissolution rate of Ottawa sand. Continued.
Run Spinning Flow Rate MH4SiO4 log kf pH 23'C
Rate
(rpm) (10-6 kg/sec) (10-6 mol/kg) (Mol/m2s)
1250C
43
44
46
50
51
52
53
54
55
56
57
58
59
60
1750C
70
71a
71b
72
74
76
78
80
81
82
2WC
73
75
77
79
110
110
110
110
110
110
110
110
110
110
110
110
110
110
66.5
211
62.1
81.8
203
64.0
78.4
66.5
37.2
48.4
166
12.7
33.2
12.8
6.8
8.2
5.6
3.0
3.7
4.2
3.6
6.4
3.6
5.4
6.2
7.2
13.3
3.7
-9.54
-8.96
-9.66
-9.81
-9.33
-9.77
-9.74
-9.61
-10.10
-9.81
-9.22
-10.27
-9.58
-10.56
5.49
2.26
2.96
3.41
2.06
2.70
5.64
4.93
1.96
5.05
0.83
1.35
5.00
1.76
190
180
180
190
180
180
180
190
155
155
178
1402
656
239
302
136
302
975
367
238
11.0
1.5
2.7
5.6
5.2
28.5
11.1
3.3
3.7
5.5
-8.95
-8.93
-8.99
-9.12
-9.05
-8.65
-8.72
-8.73
-9.11
-9.13
1.58
1.58
1.58
2.29
2.83
3.45
3.98
1.10
1.54
1.85
190
190
190
180
1510
1569
1434
1627
2.6
5.1
8.5
8.3
-8.66
-8.29
-8.11
-8.06
2.30
2.83
3.45
3.98
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MHN03 Temperature C)
(moVkg) 25 100 125 150 175 200
0 5.68 5.67 5.69 5.68 5.65 5.60
1 x 1-5 4.98 4.98 4.98 4.98 4.98 4.98
1 x 1-2 2.05 2.06 2.06 2.07 2.07 2.08
Table 63 The effects of temperature on the pH of HN03/H20/H2CO3 solutions.
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Reproducibility difficulties were encountered in these experiments and long times
were required to reach steady st ate. These two problems are potentially coupled, since if
experiments were not run long enough to reach steady state, the resulting rate data wil be
scattered based on discrepancies from the steady state value. The reason for the long
times required are not known. Figure 62 shows the results of run 54 (125'C, deionized
water), using a untreated batch of Ottawa sand. This run required approximately 30
hours to reach steady state, while run 3 at identical conditions (see Figure 42) required
less than 100 hours. Despite the 480 hours of pretreatment during run 54, the following
experiment, run 55 (125'C, pH 196 at 23'C), did not reach steady state after 700 hours
(see Figure 63). The procedure used to start run 55 was simply to change the contents of
the feed tank. 'Me flow was never halted, the pressure was kept above the vapor pressure
of water, and the temperature was maintained at 125T. A possible cause of this
non-steady behavior could be that different surface species are present in deionized water
compared to those in low pH solutions. Once the feed was acidified (the start of run 55),
the surface species prevalent in deionized water solutions dissolve quickly, transforming
the quartz surface to the low pH distribution of surface sites. This explanation is pure
conjecture at this point as one would think that the surface rearrangement process would
not take more than 700 hours. Runs 59 and 60, performed to replicate runs 54 and 55, did
not show any pronounced initial enhanced rate of dissolution, suggesting that the initial
transience in run 55 could be due to surface preparation inadequacies. However, 480
hours of exposure to deionized water (run 54) was thought to be sufficient to remove high
energy sites from the quartz surface, since the dissolution rate of quartz in deionized
water apparently levels off after approximately 450 hours (see Figure 6.2).
The second set of experiments were carried out in the upgraded 2L spinning
basket reactor at 175'C and 200'C (see Table 62 for the experimental data). Figure 64
displays the results of these experiments on a log kf versus pH (at 23'Q graph. The data
at 175'C show a decreasing trend in kf as pH is lowered from pH 5 (deionized water) to
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Figure 62 Long time to steady state required in deionized water at 1250C.
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(present study).
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Figure 64 Quartz dissolution in low pH solutions of HN03 at 175'C and 2001C
(present study).
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pH 3 A relatively pH independent region exists from pH 3 to pH 1.5. At pH 1. 1, the
dissolution rate begins to increase. No replicates were performed at this low pH since the
metering valve used to control the pressure failed due to corrosion of its stainless steel
regulating stem. At 200'C, the data show a decreasing trend from pH 5 (deionized water)
down to pH 23.
6.4.2 Effect of OH- with no salt present
All experiments investigating the effect of OH- on the dissolution rate of Ottawa
sand in NaOH solutions are plotted in Figure 65. A remarkably linear fit to the data is
obtained by plotting the logarithm of the dissolution rate constant, kf, versus the
logarithm of the- hydroxide ion concentration (estimated using the model described in
Appendix 1 0. 1). Experimental results and run conditions are presented in Table 64. The
data included in Figure 65 vary from deionized water to 001 molar NaOH solutions.
The slopes or apparent reaction orders on hydroxide ion, shown in Figure 65,
varied from 072 (+-0.14) at 1000C to 0.88 (+-0.04) at 2000C. Thus an empirical equation
of the form:
kf = kj, mY (6.2)
OH-
is adequate to describe quartz dissolution rate data in NaOH solutions, where kH i an
empirical dissolution rate constant and bis the apparent reaction order on OH- with the
effect of Na+ embedded in it. All of the data plotted in Figure 65 are included in the
regressions except for two points (one deionized water run and one run at log mOH-
-4.8) at 2000C that are clearly outliers (shown as filled in diamonds), lying 06 log units
below the regressed line. These omitted runs 126 & 127) were performed sequentially;
but no explanation can be given for their wide deviation from the other data at 2000C.
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Figure 65 Quartz dissolution: The effect of added NaOH with no salts present.
Note that two outlier points (*) at 200'C were omitted from the regression
and the average of the deionized water runs was used in the regression.
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Run Spinning Flow Rate 'nH4SiO4 log kf log MOH- log I
Rate
(rpm) (I 0-6 kg/sec) (I 0-6 mol/kg) (Mol/m2s) (mol/kg) (mol/kg)
Table 64 Experimental data investigating the effect of OH- (from NaOH) on the
dissolution rate of Ottawa sand shown in Figure 65.
1000C
6
8
17
47
134
1250C
3-5
10
12
27
37
43
53
54
90
92
97
99
100
101
103
104
106
1370C
133
1500C
9
11
93
98
124
91
105
140
200
112
110
320
15.0
12.3
15.5
32.6
246
8.27
9.32
7.90
1.75
78.9
-10.19
-10.22
-10.2
-10.45
-7.15
-6.60
-6.60
-6.60
-6.60
-2.29
-5.65
-5.65
-5.65
-5.65
-2.25
15-85
105
90
110
110
110
110
110
120-205
90
195
112
107
107
220
110
220
153
162
154
69.8
84.7
66.5
78.4
66.5
371
390
269
607
593
191
3199
256
1507
5.99
7.35
10.4
18.3
12.3
6.82
3.63
6.36
74.9
2.25
58.1
3.93
15.9
5.24
51.9
32.4
42.3
-9.32
-9.2
-9.08
-9.17
-9.19
-9.55
-9.75
-9.58
-7.73
-9.26
-7.99
-8.86
-8.26
-9.23
-7.01
-7.04
-6.16
-6.22
-6.22
-6.22
-6.22
-6.22
-6.22
-6.22
-6.22
-4.00
-6.01
-4.21
-5.37
-4.19
-5.36
-3.00
-3.00
-2.01
-5.68
-5.68
-5.68
-5.68
-5.68
-5.68
-5.68
-5.68
-3.92
-5.46
-3.89
-4.92
-3.74
-4.82
-2.96
-2.94
-1.99
320 857 223 -6.14 -2.27 -2.25
105
230
230
210
128
87
110
282
389
377
216
206
2095
1587
22.0
18.7
3.61
11.6
11.6
56.4
24.4
-8.48
-8.42
-8.99
-8.84
-8.03
-7.12
-6.38
-5.95
-5.95
-5.95
-5.95
-4.82
-4.01
-3.01
-5.67
-5.67
-5.67
-5.67
-4.61
-3.92
-2.94
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Run Spinning Flow Rate MH4SiO4 log kf log MOH- log I
Rate
(rpm) (10-6 kg/sec) (10-6 mol/kg) (mol/m2s) (mot/kg) (mol/kg)
Table 64 Experimental data investigating the effect of OH- (from NaOH) on the
dissolution rate of Ottawa sand shown in Figure 65. Continued.
1500C
123
89
136
151
152
1620C
135
1750C
62
63
64
67
85
87
118
121
122
125
137
138
2000C
65
66
86
126*
127*
128
129
130
131
132
330
330
320
305-400
327-514
334
2001
440
467
783
424
1747
135
181
508
-6.24
-5.61
-6.64
-6.48
-5.83
-2.80
-2.04
-3.41
-3.01
-2.07
-2.70
-1.92
-3.35
-2.94
-2.00
'320 1552 35.3 -5.68 -2.29 -2.25
90
175
50
120
140
60-200
200
330
330
320
320
502
530
881
937
924
362
321
269
415
588
201
221
1421
13.6
9.07
7.80
10.0
22.9
21.1
16.8
280
689
34.0
103
745
-8.38
-8.34
-8.38
-8.28
-8.28
-8.37
-7.78
-6.34
-5.77
-7.6
-7.07
-5.38
-5.77
-5.77
-5.77
-5.77
-5.77
-5.77
-4.87
-3.46
-2.80
-4.77
-4.41
-2.33
-5.64
-5.64
-5.64
-5.64
-5.64
-5.64
-4.68
-3.39
-2.70
4.61
4.33
-2.25
-5.60
-5.60
-5.60
-5.60
-4.61
-3.42
-4.05
-2.74
-4.28
-2.25
115
230
140
.:320
:320
320
320
320
320
520
2017
1682
2185
216
186
437
450
1537
474
2247
11.5
15.7
16.8
4.99
43.3
717
196
765
110
1354
-7.88
-7.82
-7.63
-8.40
-7.53
-5.87
-6.48
-5.31
-6.71
-4.90
-5.66
-5.66
-5.66
-5.66
-4.74
-3.50
4.10
-2.82
-4.37
-2.35
* omitted from regression
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The pH of the reactor outlet solution at 23'C was less than 5.0 for a few deionized
water runs at 175'C and 200'C. These low values cannot be attained by the effects of
dissolved atmospheric C02 alone. One explanation of the low pH values could be that
corrosion is producing acidic products. For these cases, the unknown effect was
neglected and the OH- concentration was taken from the speciation model assuming only
the presence of deionized water and carbonic acid. It is also possible that similar effects
could be influencing the scatter in the deionized water data. Figure 65 shows large
deviations in the 125'C data in deionized water (log mH- - 6.2), which cannot be
justified purely on uncertainties in experimental measurements. However, these quartz
dissolution runs in deionized water may not be experiencing identical chemical
environments. For instance, the pH of cooled solutions exiting the reactor, varied from
5.90 to 493. Figure 66 displays the dissolution rate constant, kf, as a function of the
outlet pH. No obvious trends exist in the data, but clearly the deionized water
environment is ot constant.
In Chapter 5, we showed that the geometric surface area basis was as good as (or
better) than the BET surface area basis for normalizing dissolution rate data. However,
this conclusion was based on data from different researchers using different experimental
procedures. A check on this hypothesis was carried out in our experiments by studying
the effect of mOH- on the dissolution rate of crushed quartz crystals from Hot Springs,
Arkansas (AK) at 150'C. Figure 67 shows a comparison of dissolution rates of Hot
Springs, AK crystals to Ottawa sand on a geometric surface area basis. Experimental
results and run conditions are presented in Table 65. Considering the different surface
morphology of the two types of quartz and the inherent uncertainty in the dissolution
rates, very good agreement is obtained. It appears that at high mOH- the Ottawa sand rates
are slightly slower than the Hot Springs, AK rates. The agreement would get slightly
worse if a BET surface area basis was used, since roughness factors (ratio of BET surface
area to geometric surface area) are higher for Ottawa sand 7.0) than for Hot Springs, AK
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Figure 66 Quartz dissolution n deionized water at 125OC: The effect of
outlet pH (present study).
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- -
-
Hot Springs, AK
Ottawa sand
A-'
v
v
Slopes
Hot Springs, AK 091 (+-0.07)
Ottawa Sand 0.78 (+-0.07)
geometric surface area basis
-5
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to0
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Figure 67 A comparison between the dissolution rates of Ottawa sand and Hot
Springs, AK crystals in NaOH solutions at 150'C.
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Run Spinning Flow Rate MH4SiO4 log kf log MOH- log I
Rate
(rpm) (10-6 kg/sec) 10-6 mol/kg) (mol/m2s) (mol/kg) (mol/kg)
107 75 223 64.4 -7.35 -4.20 -3.70
109 110 2788 92.8 -6.09 -3.01 -2.96
110 60-115 1775 23.1 -6.90 -3.97 -3.92
III 50-130 480 10.0 -7.83 -4.89 -4.74
112 60 88.1 18.4 -8.31 -5.30 -5.12
113 60 204 9.0 -8.25 -5.26 -5.06
114 70 173 63.2 -7.46 -4.52 -4.30
115 60 238 15.3 -7.95 -4.98 -4.70.
116 60 33.2 9.9 -9.00 -5.95 -5.66
117 100-300 2698 428 -5.44 -2.03 -1.99
Table 65 Experimental data at 150'C investigating the effect of OH- (from
NaOH) on the dissolution rate of Hot Springs, Arkansas quartz shown
in Figure 67.
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crystals (5.5). The net effect of using a BET area basis rather than a geometric basis
would be to decrease kf by 0 I log units for Ottawa sand relative to Hot Springs, AK
crystals. A linear least-squares fits to each data set results in slopes (or bvalues) of 0.78
(±0.07) and 091 (-+0.07) for Ottawa sand and Hot Springs, AK crystals, respectively.
Equation 6.2) incorporates the effect of Na+ into the value of b'; that is, the
slopes of the lines in Figure 65 would be approximately equal to (b + c) in Equation 6. 1)
if the Na+ concentration varied identically with the OH- concentration. Although mNa+
and mH- are highly correlated, the equilibrium relations incorporated in the speciation
model cause mNa+ to change differently than mow. Thus, we would like to decouple the
effects of Na+ from the effects of OH-. A multivariate linear regression of these data
using Equation 6. 1) would result in inaccurate values of b and c. Therefore, experiments
were carried out at constant Na+ (using NaCl) and variable OH-, and at constant OH- and
variable Na+, to more accurately determine the values of b and c in Equation 6. 1).
6.4.3 Effect of OH- at constant Na+
Experiments were performed at 150'C investigating the effect of OH- on the
dissolution rate of quartz at a constant Na+ 0.01 molal) to decouple the effect of OH-
from the effect of Na+ in solution. Table 66 displays the resulting rate data and
associated run conditions (spinning rate, flow rate, silicic acid, hydroxide and sodium ion
molality) from these experiments. Solutions varied from deionized water with NaCl
added to 0.01 molal NaOH solution. The results are plotted in Figure 68 using
log [kf / Mc a+ I versus log mow coordinates to account for any variation in Na+ betweenN
experiments and to allow calculation of b in Equation 6. 1) by a simple linear regression
where the goodness of fit can be easily seen on a graph. The value of c is arbitrary,
however, since mNa+ is approximately constant, the actual value of c is relatively
unimportant. Figure 68 shows that values of c = 02 03, and 04 all yield a b value of
0.58 (+-0.17).
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Run Spinning Flow Rate MH4SI04 log kf log MOH- log I
Rate
(rpm) (10-6 kg/sec) 10-6 Mol/kg) (Mol/m2s) (mol/kg) (mol/kg)
141 300 179 17.5 -7.94 -5.797 -2.000
140 309 371 151 -6.66 -4.114 -2.000
139 304 628 57.6 -6.14 -3.075 -2.000
89 230 2077 1747 -5.61 -2.042 -1.924
152 327-514 783 508 -5.83 -2.066 -1.998
Table 66 Experimental data investigating the effect of OH- at constant Na+.
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Figure 68 Quartz dissolution: The effect of OH- at constant Na+ (present study).
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Although these results are only strictly valid for 150'C and mNa- -': 0. I molal, the
studies shown in Figure 65 sug' est that the combined effect of Na+ and OH- does not
change measurably from deionized water to 0.01 molal NaOH solutions. Therefore, b
and c are not expected to be concentration dependent in the range of concentrations
shown in Figure 65 (up to 0.01 molal). The value of b may change with temperature
since the slopes in Figure 65 appear to be slightly temperature dependent (see Section
6.5 for calculation of b as a function of temperature). This behavior may be due to effects
of varying ion adsorption with temperature. Models incorporating the effects of ion
adsorption onto the quartz surface are presented in Section 83.
6.4.4 Effect of Na+ at constant OH-
The results of the experiments investigating the effect of Na+ ranging from jx10-3
to 125 molal on kf at 150'C with a OH- concentration of approximately 10-3 molal in
NaOH/NaCl solutions are shown in Figure 69. Table 67 displays the resulting rate data
and associated run conditions. Linear regressions on a log [kf / b
MOO versus log MNa+
result in a slope of 0.25 (+-O. 0) for b = 048, 0.58, and 068. Clearly, the assumed value
of b is not critical in the analysis of rate data at approximately constant mOH-1 The effect
of Na+ appears to be leveling off above log mNa = 0-9 (MNa+ = 0 13 molal). The slope
of the regression neglecting the two high m Na+ points is 031 (+-0.06).
Experiments were also performed using Na2SO t vary the Na+ concentration
instead of NaCl to investigate for the possible effects of the chloride anion (see Table 68
for rate data). Results of these experiments are shown in Figure 6 1 0. The log mNa+ -'-
-2.0 point agrees well with the NaCl point at the same concentration. However, further
increases in Na+ concentration do not result in an experimentally significant increase in
the rate. A linear line is fitted to the data with a slope of 0 13 (-+0.12) for comparison
with the NaC dta even though a linear model might not be appropriate. Clearly there is
experimental scatter of at least ± I log units in this data. Nevertheless, it appears that, at
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Run Spinning Flow Rate MH4SiO4 log kf log MOH- log I
Rate
rpm) (10-6 kg/sec) 10-6 MoVkg) (Mol/m2s) (moYkg) (mol/kg)
105 110 1587 24.5 -6.38 -3.005 -2.943
139 304 628 288 -6.14 -3.075 -2.000
148 303-493 585 290 -6.17 -3.075 -2.000
142 305 638 429 -5.93 -3.065 -1.230
143 312 779 418 -5.83 -3.077 -0.850
149 314 1402 281 -5.79 -3.134 0.097
151 305-400 467 181 -6.48 -3.011 -2.944
153 332-508 887 253 -5.80 -3.091 -0.347
Table 67 Experimental data investigating the effect of Na+ (from NaCI) on the
Ottawa sand dissolution rate at constant OH- and T = 150'C shown in
Figure 61 .
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Run Spinning Flow Rate MH4SiO4 log kf log MOH- log I
Rate
(rpm) (10-6 kg/sec) 10-6 mol/kg) (mol/m2s) (mol/kg) (mol/kg)
105 112 1587 24.5 -6.38 -3.005 -2.943
146 300 419 388 -6.17 -3.024 -2.028
145 300 728 368 -5.96 -2.956 -1.017
150 300 871 275 -6.02 -2.96 -0.154
151 305-400 467 181 -6.48 -3.011 -2.944
154 330-500 690 253 -6.16 -2.951 -0.631
Table 68 Experimental data investigating the effect of Na+ (from Na2SO4 on
the Ottawa sand dissolution rate at constant OH- and T = 150'C
shown in Figure 612.
140
- -
- -
- -
- - -
- -
- - --
150'C, -0.001 m
x
x
x
x
0
0
x
0
0 geometric area asis
7
b
I I I I . . . . I I I I I , I I I I I I L 
-3.8
-4.0
1-11
r-
V)6
M0
E
4.4
14
1-1
to0
-4
-4.2
-4.4
1.0
-4.6
A Q
-T. 0
-3
-2.5 -2.0 -1.5 - 1.0 -0.5 0.0 0.5
log MNa+
Figure 610 Quartz dissolution: The effect of Na+ (Na2SO4 versus NaCl at
constant OH- (present study).
141
the same molal concentration, NaCl accelerates dissolution more than Na2SO4. This
could imply an enhancing effect of Cl- and/or an inhibiting effect of S04= (or HS04-).
Perhaps S04= adsorbs on the quartz surface limiting the effectiveness of attack by OH-
and Na+. The effect of the anion is expected to be small, since at these concentrations of
OH- the quartz surface is negatively charged, which should hinder the adsorption of the
negatively charged anion.
Despite the differences between the NaCl and Na2SO4 experimental results, both
data sets display a leveling off of the Na+ enhancement effect. This behavior is
consistent with an adsorption-limited process and could be modeled using a Langmuir
adsorption isotherm or others (see Section 83 for details). The differences between NaCl
and Na2SO4 might also be caused by Na2SO4 saturating the quartz surface at a lower
concentration than NaCl.
6.4.5 Spinning Rate Effect on the Quartz Dissolution Rate
The effect of spinning rate on the dissolution kinetics of quartz was
experimentally tested several times in the course of this study. It is very important to
obtain rate data that are kinetically limited as opposed to mass transfer limited. Runs I to
103 were performed with essentially full baskets (500 to 600 g of Ottawa sand), and no
spinning rate effects were observed. Run 105 was the first experiment where the
dissolution rate was affected by the basket spinning rate. The logarithm of the dissolution
rate constant, log kf, varied from 6.38 at 112 rpm to 6.10 at 325 rpm (see Table 69).
This effect could be explained by mass transfer limitations at the lower spinning rate,
however, calculations based on a single sphere in a stagnant liquid (Sherwood number
2) show mass transfer should be two orders of magnitude faster than dissolution. A more
likely explanation would be based on particle abrasion at higher spinning rates. Only
28.9 g of Ottawa sand were used in run 105 to keep the outlet concentration from the
reactor well below saturation given reasonable flow rates. Therefore, instead of having a
142
Run 105: 150'C, log mOH = 3.005 (NaOH only)
Basket Spinning Rate log kf
(rpm) (mol/m2s)
112 -6.38
224 -6.27
325 -6.10
Run 151: Run 105 replicate
Impeller Spinning Rate log kf
(rpm) (moym2s)
105 -6.63
200 -6.54
305 -6.48
400 -6.49
Table 69 Spinning rate effects on the dissolution rate of quartz.
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packed bed of 'articles in the basket, now the particles were free to move inside the
basket. A replicate experiment (run 15 1) was performed in the spinning impeller mode to
test this hypothesis. It is assumed that the spinning impeller will cause less particle
abrasion since the particles are located in a stationary basket. The results for both
experiments are shown in Table 69. The spinning rates between the two experiments
cannot be compared directly since the spinning basket is a more effective mixer than the
two-inch diameter axial flow impeller. The dissolution rate did increase in run 151 as the
spinning rate was raised from 105 to 200. This could be attributed to poor mixing in the
reactor leading to concentration and/or temperature gradients. The dissolution rates level
off between 305 and 400 rpm. The agreement between the two replicate experiments is
best for the high impeller stirring rates of run 151 well mixed reactor) and the low basket
spinning rates of run 105 (low particle abrasion). The majority of the experiments
obtained from the spinning basket were performed with full baskets of quartz particles,
therefore the particle abrasion effect should not be present. Only three experiments were
carried out with small charges of quartz in the spinning basket mode. Run 104 was
studied at I 10 rpm and should therefore only a small rpm effect. The dissolution rate of
run 105 was taken from the slowest spinning rate (1 12 rpm). Run 106 was operated at
220 rpm and could have a particle abrasion effect embedded in its dissolution rate. All of
the spinning impeller experiments were conducted with a spinning rate of at least 300
rpm, therefore mass transfer limitations and temperature/concentration gradients should
not be present. The activation energies obtained in this study also support that
experiments were kinetically controlled.
6.5 Regression Analysis of Quartz Dissolution Rate Data
The individual regression analyses in Sections 64.3 and 64.4 could have been
replaced by a single multivariate analyses, however simple graphs like Figures 68 and
6.9 could not have been drawn to visually validate the goodness of fit. In this section, a
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multivariate analyses is employed to estimate the parameters in Equation 6. 1), using the
NaOHYNaCl data in the present study at 150T. The two high mNa+ runs were excluded
from the analysis, since these data showed that the dissolution rate levels off as mNa is
increased and the global kinetic model given in Equation 6. 1) cannot predict this
behavior. The leveling off effect of Na+ may be attributed to an adsorption phenomenon
where the quartz surface is being saturated with Na+ ions (see Section 83 for further
treatment of this concept).
Equation, 6. 1) was useful in fitting most of our rate data, however, it cannot be
used to estimate the dissolution rates in deionized water. Since Figure 65 showed that
the experiments in NaOH solutions only extrapolated well to the deionized water data, we
would like to derive a relationship that can describe all of our data in one simple
equation. After a few poor relations were evaluated, we came up with the following
equation:
b c
kf = kHJ MH I (6.3)
where I is the ionic strength of the solution in units of molality and kHI is the empirical
rate constant used to factor out the dependencies on mH- and I from kf. The ionic
strength is calculated using the following expression:
I 2 (6.4)
2 Z Mi
where zi and mi are the ionic charge and molality (mol/kg H20) of ionic species i,
respectively. The value of I is essentially equivalent to MN.+ for all solutions except for
the deionized water runs where it is equivalent to MH+. The choice of I was used for
mathematical convenience and does not suggest that the apparent reaction order, c, will
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be the same for any salt at the same ionic strength. The apparent reaction order of I in
Equation 6.3) i,§ called c since it conveys the same information a c in Equation 6. 1) for
NaOH/NaCl solutions. We will see that Equation 6.3) also fits the deionized water data
as well.
To transform the nonlinear problem into a linear problem, the logarithm of
Equation 6.3) is taken resulting in the following relation:
log kf = log kHI + b log MOH + C log (6.5)
Regressed values of b and c are expected to be similar to those found in Sections 64.3
and 64.4, with minor adjustments made for the inclusion of the pure NaOH and
deionized water runs. Using the Powell regression technique (Kuester and Mize, 1973),
b, c, and log kfl', were calculated to be 057 ±0.07) 026 ±0.06), and 3.92 ±0.2 1),
with error bars representing 95% confidence limits. The goodness of fit is demonstrated
in Figure 611 by plotting the modeled kf versus the kf from experimental data on log-log
coordinates. Equation 6.3) represents the data well for mOH. from 3 x 10-7 to .01 molal
and m from to 0. 1 molal.Na+
We would like to calculate b and c from 125' to 200T. Unfortunately, since
these data investigated the effect of added NaOH only, decoupling the effects of OH- and
Na+ is difficult. However, as will be discussed in Section 66, the value of c has not been
well characterized and no obvious trends exist as a function of temperature. For this
study, c is assumed to be 026 over all temperatures and for mNa+ less than 0. 1 molal in
NaOH/NaCl solutions (determined from multivariate analysis of the 150'C data
presented earlier in this section). Now we can regress b from the data in Figure 65 by
plotting log [ kf I c versus log MOH-, and fitting a straight line to the data. The graph
and resulting slopes are shown in Figure 612. The slopes increase with temperature, but
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considering the uncertainties involved in the calculation, an average value of b = 058
(+-O. 13), based on 95% confidence limits, also fits the data well.
6.6 Comparison with Previous Work
Very few experiments have been performed to determine the effect of Na or
ionic strength on the dissolution rate of quartz. Dove and Crerar 1990) performed quartz
dissolution experiments at 200T in to 0. 15 molal solutions of NaCl, KCI, LiCl, and
M902, and found that in all cases the presence of electrolyte increased the rate above the
values measured in deionized water. The effect was greatest for NaCl and KCI where
reaction rates increased by as much as 1.5 orders of magnitude. The observed differences
between data using NaCl, KCI, LiCl, and M902 suggest that ionic strength is not be the
appropriate regression parameter. Figure 613 displays Dove and Crerar's 1990) data on
a log kf versus log mNa- graph to estimate the value of c for their data for NaC in
deionized water. The best fit slope (c) is 037 (+-0.12).
Gratz and Bird 1993) performed "negative crystal" (etch pit growth) dissolution
experiments at 166T and 21 T at a variety of concentrations of KOH and KCI (see
Section 21 for a discussion of this method). However, a systematic study of the effect of
KCI was not carried out. Figure 614 is a compilation of log (dissolution rate or etch pit
growth velocity) versus log mK+ at a variety of mOH- values at 166T and 21 PC for
prism etch pits. Slopes vary from 007 to 056 with an average of 0.34. Some of the
variation in c is due to experimental scatter and the limited number of points (usually
two) used to calculate the slope. However, the wide variations in c could be attributed to
inadequacies of the "negative crystal" method in predicting overall rates of dissolution.
Karniya et al. 1974) investigated the effects of NaCl on the dissolution rate of
quartz in low pH (HCI) solutions. Results from 600C to 900C at pH 40 and 35 are
shown in Figure, 6.15. Slopes vary from 021 to 036 from 60T and pH 35 to 90T and
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pH 4 However, since these slopes were obtained in HCI/NaCl solutions, they cannot be
directly compared to values of c determined from NaOH/NaCl solutions.
There have been several studies investigating the effect of pH on the dissolution
rate of quartz (see Table 2 1). However, slopes from Figure 2 must be adjusted for the
effect of buffers and ionic strength adjusters used by previous investigators. The effect of
buffers is assumed to be the same as the effect of NaCl on an equivalent ionic strength
basis. Normalizing the rate data on a constant ionic strength basis, requires the
knowledge of c. For this calculation, c is assumed to be 03. Table 6 1 0 lists the updated
reaction orders with respect to OH-. The reaction orders or b values are essentially
identical to those presented in Table 2 , since most experiments did not have widely
varying ionic strengths. Therefore, the calculated b values are not sensitive to the choice
of c = 03. Figure 616 presents a comparison of the previously determined b values in
Table 6 10 from other investigations with derived values from the present study. The
apparent reaction orders derived from Figure 612 are higher than those derived from
previous researchers at lower temperatures. However, perhaps b changes with
temperature. We must remember that b is not derived from an elementary reaction, so it
is not constrained to be constant with temperature. The data from Gratz and Bird 1993)
is highly scattered, especially at 166'C where b equals 076 at 0.01 molal KH/KCl and
0. 31 at 0. 1 molal KOH/KC1. These values are averages from the prism and
rhombohedron etch pits, where the prism value exceeds the rhombohedron value by about
0. 1. A fit of the data in Figure 612 is performed using an exponential approach to b at
infinite temperature resulting in the following empirical relationship for b:
b = 0694 - 0.00638*exp 1350 T(K)] (6.6)
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Researcher T (C) b t Solution Environment
Wollast and Chou 1988) 25 0.27 (+-0.05) 0.2 moral NaCI
House and Off 1992) 25 0.51 (+-0.05) 0.01 moral mixture of KHCO3, K2CO3, KCI-HCI
Brady and Walther 1990) 25 0.30 (+-0.09) 0.002 - I molal ; buffers, NaCl, KCI
60 0.42 (+-0.16)
Knauss and Wolery 1988) 70 0.50 (+-0.20) 0.004 - 0175 molal buffers
Gratz and Bird 1993) 211 0.47 (+-0.14) 0.01 molal KOH/KCI
211 0.46 (+-0.07) 0.1 moral KOH/KCI
166 0.76 (+-0.46) 0.01 molal KOH/KCI
166 0.31 (+-0.30) 0.1 molal WHIM
Table 610 Apparent reaction orders for OH- dependencies on quartz dissolution
at constant ionic strength.
t En-or bars represent 95% confidence limits
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The data of Gratz and Bird 1993) are not included in this regression because of the high
scatter in their data. Perhaps, the "negative crystal" method does not correlate with the
dissolution rate of quartz at all conditions 
The trends in the dissolution rate behavior of quartz with electrolyte composition
have been compared to previous studies. However, it would be informative to compare
data quantitatively. The only experimental study that has conditions similar to the
present study is from Gratz and coworkers 1990,1993). Their results must first be
converted to the appropriate units of mol/m2s and then temperature differences must be
accounted for. The etch pit growth rate (Wn/hr) can be converted to the dissolution rate
(mol/m2s) by multiplying by 1.23xlo-5, assuming a quartz density of 265 gM3. Two
data sets are suitable for comparison; (1) the 21 PC data from Gratz et al. 1990) adding
KOH only with the 200'C from the present study adding NaOH only, and 2) the 166'C
data from Gratz and Bird 1993) at 0.01 molal K+ with the 150'C data from the present
study at 0.01 molal Na+. The differences due to using Na0H/NaCl instead of KOH/KC1
are expected to be minor. An activation energy of 88 U/mol (from Gratz and Bird, 1993)
was used to adjust the Gratz and coworkers 1990,1993) data, resulting in adjustment in
log kf of 022 and 040 for the 21 l'-200'C and 166'- 150T conversions, respectively.
Finally, to complete the comparison, will present the data as log kf versus log aOH-, since
Gratz and coworkers did not report activity coefficients or molalities at their reaction
temperature.
The comparison at a nominal temperature of 200T between the Gratz et al.
(1990) data and ours is shown in Figure 617, where only KOH and NaOH have added to
control aH-' A remarkable and perhaps fortuitous agreement is seen between their
rhombohedron dissolution rate and the Ottawa sand dissolution rate from the present
study at log aH = 3.0 to 24. The slopes of the data are also similar at these conditions.
In all of the experiments by Gratz and coworkers 1990, 1993), the prism dissolution is
slower that the rhombohedron dissolution, usually by a factor of about 2 As log aH is
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lowered below 3.0, the etch pit dissolution rates drop off more quickly than the Ottawa
sand dissolution rates.
A second comparison can be made at a nominal temperature of 1501C as shown in
Figure 618, where NaCl (present study) and KCI (Gratz and Bird, 1993) have been added
to maintain a constant ionic strength. Once again good agreement between the two data
sets exists at high aH- (log a0 = 3.0 to 20), especially with respect to the slope in this
region. However, as log aH- is lowered below 3.0, the etch pit dissolution rates again
drop off more quickly than the Ottawa sand dissolution rates. A consistent discrepancy
occurs between the Ottawa sand dissolution rates of this study and the etch pit dissolution
rates from Gratz and coworkers 1990, 1993) in low ionic strength solutions. In any
comparison, both data sets must be scrutinized to sort out the reason for the discrepancy.
In their case, the rapid drop in the dissolution rate in the etch pit data appears to be
suspect. Perhaps at these low dissolution rates, the measurement of the growth rate of an
etch pit is difficult. However, at low dissolution rates, the error bars would be much
greater in the negative direction than in the positive direction as the detection limit of the
apparatus is being approached. A second explanation could be that the etch pit
dissolution rate is not a good measure of the overall dissolution rate at certain conditions.
Gratz et al. 1990) report that low ionic strength solutions (<0.005 molal) produce
abundant smaller pits attributed to dislocations. These small pits make measurement of
the "negative crystar' dissolution rate difficult and perhaps the correlation between
(,negative crystal" dissolution rate and the overall dissolution rate breaks down at these
conditions.
6.7 Mechanistic Implications
The quartz dissolution data presented in this chapter provide a valuable extension
of data reported at lower temperatures (25'C to 90'C) in earlier studies investigating the
effects of pH (Kamiya et al., 1974; Wollast and Chou, 1986; Knauss and Wolery, 1988;
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Grigsby, 1989; Brady and Walther, 1990; House and Off, 1992). No activation energies
are reported in this chapter, since activation energies are dependent on the rate equation
used and the assumptions made about the temperature dependency of the apparent
reaction orders. A complete analysis of the activation energy for quartz dissolution is
presented in Section 82.
The global rate laws given by Equations 6. 1) and 6.2) were chosen for their
simplicity and ability to fit our data over a wide range of conditions. They also provide a
consistent basis for comparison with previous investigations. Unfortunately, these global
expressions do not contain useful information on a molecular level. Empirical reaction
orders observed are less than unity and b values appear to change with temperature. The
less than unity orders are an artifact of the regression parameters used. Since dissolution
takes place at the quartz surface, it would be more appropriate to use concentrations of
the surface species instead of bulk solution species. Unfortunately, little is known about
the adsorption behavior of ions onto the quartz surface at elevated temperatures.
Adsorption models at low temperatures are fit to the low temperature data and are not
robust enough to extrapolate to higher temperatures reliably. A change in b with
temperature implies that the adsorption of ions onto quartz is temperature dependent.
These issues will be discussed further in Section 83 where various modeling techniques
are investigated to explain the dissolution behavior of the data presented in this study.
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Chapter 7
Experimental Studies of
Granite Dissolution
7.1 Background and Motivation
This study was motivated in part by the need to understand the importance of
geochemistry in Hot Dry Rock (HDR) geothermal systems. Dissolution/precipitation
reactions affect the fluid composition as well as the permeability of the fractured
reservoir rock. The fluid composition is very important at the surface plant where
scaling/fouling of heat exchange equipment and corrosion are major problems. The
permeability of the rock impacts pumping requirements as well as the efficiency of the
heat transfer from the reservoir rock to the circulating fluid.
Granitic rocks are very common in HDR systems, therefore we would like to
understand the granite-water system. A first step towards this understanding was
achieved by studying the dissolution behavior of core slabs and rock cuttings from the
Fenton Hill test wells (Tester et al., 1977; Charles, 1979; Robinson, 1982). Since Charles
(1979) suggested that quartz was the dominant phase for dissolution activity in the HDR
environment, studies of pure quartz dissolution were also undertaken (see Chapters and
6). As a check on the applicability of our empirical quartz dissolution models (see
Chapter 6 to dissolution of the quartz phase in granite, we performed two granite
dissolution experiments at 200'C.
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7.2 Experimental Results
The granite chosen for this study was a core sample (granodiorite) from well
EE-3A at Fenton Hill, New Mexico, the site where the Los Alamos National Laboratory
(LANL) has been developing the Hot Dry Rock (HDR) technology. The chemical
composition of the granodiorite is shown in Table 7 1. The core was broken up into to
3 cm sized pieces using a hammer and chisel, then a jaw crusher was used to produce
crushed particles ranging from very fine < 0 I mm) to approximately mm in diameter.
The crushed particles were sieved and washed in deionized water for 30 minutes. The
0.85 mm to 238 mm particles were used in the dissolution rate experiments.
Two feed solutions were chosen to study the dissolution kinetics of granodiorite at
200'C; (1) deionized water, and 2) 10-4 molal NaOH. Now, in addition to Si, we also
have to analyze for Al, Na, K, Ca, Mg, and Fe. All species were analyzed using the
Perkin Elmer Plasma 40 inductively couple plasma (ICP) spectrometer, and Si was also
analyzed using the molybdate method to double-check the ICP results. The results of the
experiments are shown in Table 72 for each sample taken. The original ICP analysis
using a mixed standard, yielded spurious results since the reanalysis of the standard
resulted in different concentrations 50% to 100%). The results were recalculated
based on individual standards for each element, yielding stable results and reasonable
agreement between the two Si analyses. However, since molality of sodium in solution,
MNaI for run 156 was always lower than the mNa in the feed tank, the analysis of sodium
and perhaps some of the other results were questionable. Two samples, 155.5 and 156.5,
were sent to LANL to double-check our results. Dale Counce performed the ICP
analysis, with the results shown in Table 72. The LANL results are in excellent
agreement with our molybdate results on Si and result in mNa being greater than mNa of
the feed tank, due to dissolution of sodium containing phases. All of the results for runs
155 and 156 are shown in Figures 71 and 72, respectively. No results are shown for Mg
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Mineral Formula Volume %
Quartz SiO2 28.7%
Plagioclase NaAlSi308 (Ab), CaAI2Si2O8 (An) 39.8%
(72% Ab, 28% An)
Microcline KAISi3O8 16.8%
Biotite K(MgFe+2 )3(AIFe+3) Si3010 9.2%
Minor Phases 5.5%
Table 71 Chen-dcal composition of granodion'te used in this study.
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Molal Concentration 10-6 mol/kg)
Run 155 Run 156
Table 72 Chemical composition of the outlet solution from the granodiorite,
dissolution rate'experiments at 200'C.
#1: 19.5 h #2: 23.7 h
264
280
50.1
20.0
48.3
9.1
#4: 31.7 h
275
289
49.8
18.1
39.1
10.0
#1: 25 h #2: 32 h
Si(MOIY)
Si(ICP)
Al
Na
K
Ca
249
249
44.8
15.6
57.0 *
8.3
85.2
87.1
37.1
14.4
20.2 *
1.8
88.3
91.3
40.8
14.2
21.9 *
2.3
#3: 43 h #4: 53 h#3: 27.8 h
Si(MOIY)
Si(ICP)
Al
Na
K
Ca
269
283
51.2
20.1
46.9
9.8
89.5
90.1
39.2
14.8
19.2
2.5
92.4
87.3
33.9
13.2
13.3
1.3
#5: 43.5 h #5: (LANQ
288
52.6
139
33.2
13.7
#5: 68 h #5: (LANL)
Si(MOIY)
Si(ICP)
Al
Na
K
Ca
288
310
58.5
22.1
40.5 t
11.5
90.9
92.5
39.8
14.6
17.2
3.0
92.6
29.3
144
12.8
5.2
noisy peak
t peak at window edge
ICP = analyzed by inductively coupled plasma emission spectroscopy
moly = analyzed by molybdate blue method
LANL = analyzed by D. Counce at LANL
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Figure 71 Composition from Run 155 (feed solution: deionized water) at 200'C
as a function of time. LANL values obtained by D. Counce at Los
Alamos National Laboratory (March, 1994).
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Si (ICP) 0 Si (LANQ
Al 0 Al (LANQ
N a Na (LANL)
-- A--K & K (LANL)
-Ca V Ca (LANQ
....... -. V 7 7
150
11-1to90
S
10
4
I-,
>_6
*-j
I
0
E
0,
S
-4
w
100
50
0
2 3 4 5 6 7
Time (h)
Composition from Run 156 (feed solution: 10-4 molal NaOH) at 2001C
as a function of time. LANL values obtained by D. Counce at Los
Alamos National Laboratory (March, 1994).
Figure 72
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and Fe since experimentally insignificant concentrations were measured (-O molal Mg,
<10-6 molal Fe).
It appears from Figures 71 and 72, that runs 155 and 156 reached approximate
steady state conditions by the end of the experiments. Steady state concentrations were
calculated for run 155 by averaging all measurements from 155.2 to 155.5, giving equal
weight to our measurements using ICP and molybdate methods, and the results of the
LANL ICP analysis. The LANL values are used for mNa' For run 156, the same
averaging procedure was applied, however all samples were used to determine the steady
state concentrations. The calculated steady state concentrations along with average run
conditions are shown in Table 73.
The surfaces of washed and reacted granodiorite samples were inspected using
Scanning Electron Microscopy (SEM) to check for adhered fines and secondary
precipitates. The washed granodiorite was soaked in deionized water for 30 minutes at
room temperature. The reacted granodiorite was samples taken from the reactor after the
two dissolution rate experiments (runs 155 and 156). The washed granodiorite had fines
adhered to the surface (see Figure 73). However, no significant fine population is
evident from the SEM photographs of reacted granodiorite shown in Figure 74. Several
different phases can be readily seen in Figure 7.4a, and are labeled Zone I, , and III.
Energy Dispersive X-ray (EDX) analysis was performed on these phase with the results
shown in Table 74. From the elemental composition, the phases Zone L II, and III are
inferred to be plagioclase, quartz, and microcline, respectively. The plagioclase surface
(Figure 7.4b) is very open which may indicate selective dissolution. The EDX analysis
of this phase suggests that it is enriched in anorthite implying that albite was
preferentially dissolved from the plagioclase phase. Round etch pits can be seen in the
quartz phase (Figure 7.4c). Elongated etch pits are observed in the microcline phase
(Figure 7.4d) which are parallel to the larger cracks in the surface.
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Run M Ss Spinning Flow Rate log I
i Rate log MOH-
(10-6 mol/kg) (rpm) (10-6 kg/sec) (mol/kg) (mol/kg)
155 Si 283 315 175 -4.83 -3.72
Al 52.4
Na 139
K 41.6
Ca 10.8
156 Si 87.9 315 1690 -4.04 -3.78
Al 36.7
Na 144
K 17.4
Ca 2.7
Table 73 Calculated steady state concentrations and run conditions for
granodiorite dissolution experiments.
SsMi
MOH-
I
= steady state concentration of element i.
= molality of hydroxide ion (mol/kg)
= ionic strength ol/kg)
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(a)
(b)
Figure 73
400 m
20 gm
Scanning Electron Microscope (SEM) photographs of washed
granodiorite particles (present study).
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400 gm
(a)
(b)
Figure 74
20 gm
Scanning Electron Microscope (SEM) photographs of reacted
granodiorite particles (present study). a) overall view b) Zone L
plagioclase c) Zone II: quartz d) Zone III: microcline.
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(C)
(d)
Figure 74
20 m
20 tm
,S, canning Electron Microscope (SEM) photographs of reacted
granodiorite particles (present study). Continued. a) overall view
b) Zone 1: plagioclase c) Zone IL quartz d) Zone I: microcline.
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Zone Atom 
I Si 67.2
Al 19.6
Fe 0.2
Na 5.8
K 1.3
Ca 5.9
II Si 99.9
Fe 0.1
III Si 64.4
Al 13.8
K 21.8
Table 74 Energy Dispersive X-ray (EDX) analysis of granodiorite phases
identified in Figure 74.
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Calculating the dissolution rate of each phase in the granodiorite is difficult, since
Si can be released from all four major phases, and Al from three of the major phases. The
presence of Al in the outlet solution suggest that the dissolution of feldspars (plagioclase
and microcline) are important reactions, apparently conflicting with the results of Charles
(1979). However, Charles'investigations were carried out at Si concentrations
approaching saturation. In these experiments, the feldspar phases are most likely to be
saturated with respect to a secondary phase, thus the net observed feldspar dissolution
rate is insignificant. In our experiments, the low concentrations of solution species,
allows a more accurate observation of intrinsic dissolution rates.
A check on the congruency of granodiorite dissolution can be evaluated using an
element balance. For example, if we assume quartz, plagioclase, and microcline
dissolution are the dominant phases present, than the concentration of Al can be
estimated from concentrations of Na, K, and Ca (assuming congruent dissolution).
MAI - MNa + MK 2 ca (7.1)
Using Equation 7. 1) for runs 155 and 156, the estimated aluminum concentration is
286% and 58%, higher than the measured aluminum concentration, respectively. These
discrepancies are too large to be attributed to analytical uncertainty and are probably due
to incongruent dissolution where the charge balancing elements (Na, K, and Ca) dissolve
more quickly than the network forming elements (Si and Al). Incongruent dissolution of
feldspar surfaces has been observed by many investigators (Chou and Wollast, 1984,
1985; Casey et al., 1989; Hellmann et al., 1990; Muir and Nesbitt, 199 1; Hellmann,
1994).
Hellmann 1994) calculated albite dissolution rates based on steady state Si
concentrations. Their reported steady state Al concentrations ranged from sub- to super-
stoichiometric. However, they did not show Al concentrations as a function of time, so
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the steady state hypothesis could not be evaluated. Albite dissolution rates based on Al
concentrations were significand y different than Si-based rates (up to two orders of
magnitude). When dissolution rates are slower based on Al, a secondary precipitate such
as boehmite [AIO(OH)] or gibbsite [AI(OH)31 might be forming. Charles 1978)
observed the precipitation of secondary zeolite phases on granodiorite after exposure to
high temperature (approximately 300'C) circulating fluids for periods of 100 days or
more.
The potential for incongruent dissolution and secondary precipitate formation
makes the analysis of dissolution rate data for feldspar less straightforward than for
quartz. The analysis of granodiorite (composed of quartz, plagioclase, microcline, biotite,
and other trace phases) is even more complex. In this study, our goal is not to
quantitatively describe the dissolution rate of granodiorite. However, we would like to
compare our results to previous granite and pure mineral (quartz and feldspar) dissolution
rate experiments.
Several assumptions need to be made before the rates of each phase can be
estimated. The dissolution rate of biotite is neglected due to the absence of Mg and Fe in
solution. The plagioclase is treated as 72% pure albite (NaAlSi3O8) and 28% pure
anorthite (CaAl2Si2O8), when in reality plagioclase is a solid solution of albite and
anorthite. A solid solution is defined as a single crystalline phase which may be varied in
composition within fite limits without the appearance of an additional phase. The
relative importance of albite, anorthite, and microcline (KAISi3O8) dissolution is
assumed to be linearly proportional to the relative concentrations of Na, Ca, and K in
solution. We recognize that secondary phase precipitation and other factors will
introduce non-linearities. Nonetheless, with these assumptions, the amount of Al
released from each feldspar phase is estimated using the following relationships:
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Ab MNa
MAI = M Al +M +2m (7.2)MNa K Ca
An 2m Ca
MA1 =MAI M +M +2MCa (7.3)Na K
Mi MK
MAI = MAI M (7.4)+M +2MNa K Ca
where m Ab An MiAl MAI and MAI are the concentrations (or molality) of Al released from the
albite (Ab), anorthite (An), and microcline (Mi) phase, respectively (in mol/kg). The
amount of Si released from each phase can be estimated based on the stoichiometric
coefficients for.Al and Si in each phase,
- i -
i VSi
Ms = MAI i (7.5)
VAI
where m' and m' are the concentration of Si and Al released from feldspar phase i andSi Al
V and v are the stoichiometric coefficients of Si and Al in phase i. The amount of SiSi Al
released from the quartz phase can now be estimated by subtracting the sum of Si
released from the feldspar phases from the total Si in solution. Dissolution rates are then
calculated from the results of Equations 7.2) to 7.5) by using the following rate law
assuming free dissolution conditions (no effect of precipitation on the observed
dissolution rate):
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i
Msi Fm
ri (7.6)
V AiSi
where ri is the net dissolution rate of phase i mol/m2s), Fm is the mass flow rate through
the reactor (kg/sec), and Ai is the surface area of phase i (m2). The surface area of phase i
is calculated by multiplying the total geometric surface area by the modal analysis
(vol %) of the granodiorite sample shown in Table 7 1. The estimated dissolution rates
for each phase during runs 155 and 156 are shown in Table 75.
The results for run 155 suggest that the quartz phase does not completely
dominate the production of Si in solution. We estimated log t = 5.8 for the quartz
phase in granodiorite. Our pure quartz dissolution rates presented in Chapter 6
extrapolate to a log tz = 6.9 accounting for OH- and ionic strength effects on the
dissolution rate. Robinson 1982) calculated the dissolution rate of granodiorite in
deionized water assuming quartz is the dominant phase to be log rqt = 5.7 to 6.1 at
200'C (actual data was obtained from 194' to 208'C and adjusted to 200'C using EA
89 U/mol). Robinson 1982) did not analyze for Al so the relative importance of feldspar
dissolution cannot be evaluated. If feldspar dissolution was important, the calculated
quartz dissolution rates would drop. Robinson 1982) performed experiments in batch
autoclave vessels, allowing the concentration of Si to rise as high as 4 x 10-3 molal At
these high concentrations, the net observed feldspar dissolution rates may be unimportant
due to formation of secondary precipitates.
The results for run 156 suggest that the quartz dissolution is insignificant at 20'C
using a 10-4 molar NaOH feed solution. This result might be meaningful or could be an
artifact of the assumptions used to calculate the phase dissolution rates and the
uncertainties in the analytical methods. The estimated feldspar dissolution rates increased
by almost an order of magnitude over the rate calculated from run 155. This trend was
unexpected based on previous results for the effect of OH- on the albite dissolution rate
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Table 75 -Estimated dissolution rates for each phase in granodiorite during runs
155 and 156 at 2000C.
log rate MOj/M2S)
155 156
-5.58
-5.65
-5.98
t
Quartz
Albite
Anorthite
Microcline
Biotite
-5.80
-6.36
-6.65
-6.76
t
* zero quartz estimated, could be artifact of calculation method
t dissolution of biotite could not be detected
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(Hellmann, 1994). Hellmann 994) found that the dissolution rate of albite at NOT did
not change when log mow was increased from 5.7 to 3.7. However, we would have
expected the quartz dissolution rate increase significantly. The dissolution rate of albite
on a geometric surface area basis from Hellmann 1994) was log rAb = 7.5, which is one
to two orders of magnitude slower than the rates predicted form our granodiorite
experiments. Hellmann 1994) compared their results with rates retrieved from Lagache
(1965, 1976), who dissolved several varieties of feldspars from 100' to 200T in a batch
reactor (static autoclave). At 200T, the log rates from Lagache's data on albite are 07 to
1. 1 orders of magnitude lower than Hellmann's rate data. The discrepancy could be due
to mass transfer limitations in the static reactor used by Lagache 1965, 1976), secondary
phase precipitation, and/or uncertainties in the albite surface area.
The two granodiorite experiments conducted in this study were designed to test
the ability of our quartz dissolution model to predict the dissolution rate of the quartz
phase in granodiorite. We initially thought that quartz would be the dominate phase in
granodiorite dissolution based on the results of Charles 1979). We discovered that
feldspar dissolution could not be ignored for the conditions of our study. Both the
predicted quartz and feldspar dissolution rates are at least one order of magnitude higher
than expected from pure mineral dissolution rates (except for run 156 where no quartz
dissolution was estimated), although the quantitative nature of our estimations is
questionable.
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Chapter 
Quartz Dissolution Modeling
8.1 Modeling Objectives and Approach
Chapters and 6 report the quartz dissolution rate data obtained in this study with
empirical rate laws which correlate the data very well in deionized water solutions from
23' to 625C and up to moll. = 001 molal (moYkg H20) and MN.+ = O 1 molal in
NaOHYNaCl solutions from 1001 to 200T. In this chapter, the effects of temperature
will be analyzed using several different models. The model-dependent nature is
important when comparing activation energies from different studies using different
models of quartz dissolution. Previous studies have found that the activation energy is
pH dependent, suggesting a change in mechanism with pH. We propose that the
activation energy is constant if the proper model of quartz dissolution is used.
The empirical rate laws employed in Chapters and 6 do little to elucidate the
mechanisms of quartz dissolution on a molecular level. We propose several adsorption
models to explain the fractional order kinetics observed in Chapter 6.
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8.2 Temperature Dependence
The activation energy for quartz dissolution in deionized water has been measured
and correlated by many investigators in deionized water (Siebert et al., 1963; Rimstidt
and Barnes, 1980; Brady and Walther, 1990; Dove and Crerar, 1990; Bennett, 1991; and
others), however, very little is known about the activation energy in other environments.
In deionized water, values range from 71.3 ±10.8) U/ mol (Dove and Crerar, 1990) to 82
(±17) U/mol (House and Hickinbotham, 1992) a fairly narrow range considering the
uncertainty in activation energy determinations (all error bars reported in this study are
based on 95% confidence limits). The correlation presented in Chapter 5, based on the
currently available rate data in deionized water from 23' to 625'C, suggested that the
activation energy could be as high as 89 ±5) k/mol. Brady and Walther 1990) found
that the activation energy between 25'C and 60'C was pH dependent, being 46 U/mol at
near-neutral pH and increasing to 54 U/mol at pH and 96 U/mol at pH 1 1.
The basis for the activation energy calculation is very important. Since at near-
neutral and higher pH, quartz dissolution is base-catalyzed, the activation energy should
be calculated at constant mow or constant pOH. We reanalyzed the data of Brady and
Walther (I 990) using both a constant pH and constant pH basis. We found that at pH 
and 1 1, the apparent activation energy is 67 U/mol and 88 k/mol, respectively. The
difference between our calculated values and those reported by Brady and Walther 1990)
comes from the inherent uncertainty in calculating the activation energy between two
closely spaced temperatures from scattered rate data. We interpolated values at pH and
I using a linear least squares fit to their data on a log rate versus pH plot. A similar
analysis using a constant pOH basis resulted in apparent activation energies of 49 U/niol
and 68 U/mol at pH 5.5 and 25, respectively. We picked pH values that were similar
to conditions at pH and I . The significant changes in the calculated activation energy
illustrates the importance of the basis used in the analysis. Error bars are not reported
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since only two temperatures were used in the regression. To get a sense for the
uncertainty in the activation energies derived from the data of Brady and Walther 1990),
we increased log kf at 25'C by 0. 1 log units and decreased log kf at 60'C by 0. 1 log units,
causing the activation energy to decrease by 1 1 kJ/mol. Since the Brady and Walther
(1990) rate data at 25'C in deionized water appears to be high based on extrapolations of
higher temperature data (see Figure 53), activation energies derived from these data may
be erroneously low. A compilation of apparent activation energies reported in literature
is given in Table 8. 1.
All activation energies reported in this thesis are apparent activation energies,
since little is known about the actual elementary reactions that govern quartz dissolution.
Thus, the apparent activation energy is model dependent. For example, if a model is
proposed such that kf = kH20 nbH- in deionized water, then the apparent activation
energy of 4 will be different from the apparent activation energy in kH20 since mOH in
deionized water changes with temperature. he issue of the apparent activation energy in
deionized water will be discussed later in this section.
The simplest method for calculating the apparent activation energy is to track
changes in kf at some defined set of constant conditions. This method is attractive since it
involves only the overall dissolution rate and makes no assumptions about the actual rate
law for quartz dissolution. Unfortunately, it does not necessarily yield meaningful values
for the activation energy of quartz dissolution. However, we will employ this method as
a basis for comparison with the results of previous research. Based upon the least squares
regressions in Figure 65, values of kf at log mOH = 2.5, 4.0, and -5.5 were interpolated
from 1 00' to 200'C and plotted on Arrhenius coordinates in Figure 8. 1. The apparent
activation energ' (in kJ/mol) was found to be 60.1 ±12.5), 68.5 (+-6.9), and 76.9 ').O)
for log MOH = 2.5, 4.0, and -5.5, respectively. These values support the results from
Brady and Walther 1990) concerning the increase of the apparent activation energy in kf
with increasing pH, however the absolute magnitudes are higher than the Brady and
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Investigator Temp EA 95% Conditions
(OC) (kJ/mol) error
Table 8.1 Previous investigations on Che activation energy for quartz dissolution.
Siebert et al. (I 963)
Rimstidt and Barnes 1980)
Brady and Walther 1990)
205-345
25-60
74
67-77
46
54
96
36
53
71
71
72
86
90
70
86
10 Deionized water
- Deionized water
- near neutral pH
- pH 
- pH 1
5 0.001 m HCI
9 0.001 m UH
I I Deionized water
7 0.05 m NaCl
12 0.05 m KCI
5 prism: 0.01 m KOH
4 rhomb: 0.01 m KOH
21 Deionized water
18 11
It11
Casey et al. 1990)
it
Dove and Crerar 1990)
11
25-70
20-40
200-300
101-300
101-300
106-236
11
25-70
40-70
Gratz et al. 1990)
11
Bennett 1991)
Bennett 1991) w/o 25-C data
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Figure 8.1 Arrhenius plot of kf from 1001 to 200'C in NaOH solutions as a
function of mOH-
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Walther 1990) values. It is interesting to note that the errors in the apparent activation
energy increase as mOH- decreases.
A more appropriate analysis of the apparent activation energy for quartz
dissolution calculates the temperature dependence of kHj instead of kP since kHj
factors the effects of solution composition out of 4 Equation 6.3) is used to calculate
kOHJ for all of the data pesented in Section 64 except the Na2SO4 runs and the two
highest NaCl runs. The value of c is assumed to be 026, while b was assumed to be a
function of temperature as shown in Figure 616. Figure 82 displays the resulting
Arrhenius plot with an apparent activation energy of 82.7 ±4.9) U/mol (all error bars
reported in this.study are based on 95% confidence limits). The value of b from this
study alone does not suggest an statistically significant change with increasing
temperature. If b is chosen as the average values of slopes obtained in Figure 612, or b
0.58, the apparent activation energy becomes 71.6 ±5.0) U/mol (Figure 83). This
calculation stresses the importance of knowing the value of b accurately and how
different models can result in different apparent activation energies.
Rate data were collected at a log mOH- of about 2.3 at temperatures of 100', 137',
and 162'C and combined with data at similar OH- concentrations at 1250, 1500, 1750,
and 2000C to determine the apparent activation energy at high MOH- The rate data show
a good linear fit using Arrhenius coordinates with b as a function of temperature (Figure
8.4) and b = .58 (Figure 8.5). These experiments were performed to calculate an
accurate value of the activation energy at high molt.. Since all experiments were
performed at similar mOH-1 the calculated activation energy will be the same for any
b
constant value of b. But with b changing with temperature the term MOH_ changes with
temperature, therefore the resulting activation energy is sensitive to the assumed
temperature dependence in b. The apparent activation energies for the temperature
dependent b and constant bare 82.2 ±5.3) U/mol and 75.4 ±4.9) U/mol, respectively,
agreeing well with the analysis
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Figure 82 Arrhenius plot of kOHJ from 100' to 200'C in NaOEUNaCI solutions
assuming b is a function of temperature. Runs 126, 127, 143, and 149
are omitted from the regression. Deionized water runs are represented by
4 single averaged point. See text for further details.
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Figure 83
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Figure 84 Arrhenius plot of kHJ from 1001 to 200'C in NaOH solutions at
MOH = 7±3) x 10-3 molal assuming b is a fimcdon of temperature.
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Figure 8.5 Arrhenius plot of kOHJ from 100' to 200'C in NaOH solutions at
MOH = 7±3) x 10-3 moral assuming b = .58.
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of the complete data set. This agreement suggests that the activation energy is not
dependent on the solution composition in the range studied. As a further check on this
hypothesis, the activation energy of kHI for the deionized water runs can be calculated
using Arrhenius coordinates Ile apparent activation energies for the temperature
dependent b (Figure 86) and constant b = .58 (Figure 87) cases are 80.3 ±8.7) kJ/mol
and 62.2 ±8.3) kJ/mol, respectively. The temperature dependent model for b yields the
same apparent activation energy (within the experimental uncertainty) for the complete
data set, the high mOH- runs, and the deionized water runs. Using b = .58, results in a
lower apparent activation energy in deionized water than the value obtained from the
complete data set and the high mow runs.
8.3 Composition Dependence using Adsorption Models
The classical approaches to modeling quartz dissolution kinetics have employed
empirical rate laws similar to those presented in Chapter 6 by presenting data on log rate
versus pH coordinates (Knauss and Wolery, 1988; Grigsby, 1989; Brady and Walther,
1990; Bennett, 1991). A shortcoming of the fractional order empirical rate laws is that
they are not based on any mechanistic information and the implied form of the rate data
breaks down at high concentrations, suggesting a saturation of the quartz surface. The
fractional rate laws have been rationalized using several arguments. Helgeson et al.
(1984) proposed that the fractional orders result from fractional stoichiometries of species
in the transition. state complex (see Section 23.2) Lasaga 1981) explained the fractional
orders based on the existence of a variety of surface sites with dffferent adsorption and
reaction energetics. We believe that fractional orders are obtained since regressions are
based on solution composition instead of surface composition. Several previous studies
at 25'C have related the quartz dissolution rate to the quartz surface charge, a measure of
the H or OH- adsorbed on the surface (Wirth and Gieskes, 1979; Fleming, 1986; Stumm
et al., 1985; Blum and Lasaga, 1988; Brady and Walther, 1989,1990). Brady and
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Walther 1992) found that their 60T quartz surface charge data and Brady and Walther's
(1990) dissolution rate data both displayed a pH fractional order of 0.4.
In the following three sections, we examine techniques to estimate the surface
concentration of species involved in the quartz dissolution process, and relate these
concentrations to the dissolution rate. he first section reviews the quartz and amorphous
silica surface charge data from 25T to 60T and the models used to fit the data. The
relationship between dissolution rate and surface charge is made from 25' to 60T, and
the ability to predict high temperature surface charge behavior is evaluated.
The second and third sections on Langmuir and Freundlich isotherms originated
from work in the area of heterogeneous catalysis. We will transform these relationships
to apply to the adsorption of solution species onto the quartz surface, by replacing the
partial pressure of gas A, PA" with the concentration (molality) of species A in solution,
MA. Once an expression for the fraction of quartz surface occupied by species A., OA" on
the quartz surface is developed, a rate law may be established. As an initial assumption
we will assume ihat the rate data can be described using the following rate equation:
kf n (8.1)
kOA OA
Until more information is acquired, the first order equation (n = ) is the simplest and the
most probable rate law for quartz dissolution. Orders higher than two would be hard to
justify with mechanistic reasoning. The goal of this rate law is to provide an explanation
for fractional order kinetics and to model the saturation effect that is sometimes seen at
high concentrations. If fractional orders are regressed from experimental data, then this
rate equation is no more robust than the empirical rate law based on solution composition.
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8.3.1 Surface Charge Modeling
Brady and Walther 1989) found that their quartz dissolution rates were first order
with respect to the surface charge data (a) of Bolt 1957) from pH to 12 at 25T. Bolt's
data are widely used because of their internal consistency and ease of empirical fitting.
The logarithm of the Bolt 1957) surface charge versus log aH- is shown Figure 8.8,
with slopes varying from 028 (-+0.03) at 0.001M NaCI to 031 (+-0.02) at M NaCl,
where error estimates are based on 95% confidence limits. The log a basis is chosenOH-
since OH- is the adsorbing species at these conditions and changes in the dissociation
constant of water with temperature will change aH- at a constant pH. The effect of ionic
strength on the surface charge can be treated similarly by interpolating surface charge
values at a given pH. Figure 89 displays a plot of log CT versus log I, resulting in nearly
parallel lines of slope 023 (-+0.04) at pH 7 to 0. 18 (-+0.02) at pH IO. This treatment of
the surface charge data lends itself to the following empirical model:
e f
C = ka aH I (8.2)
where e andf represent the empirical order dependency of the surface charge (cy) on aH-
and I, respectively, and k is an empirical proportionality constant. For the dissolution
rate of quartz to be first order with respect to surface charge, the division of Equation
(6.3) by Equation 8.2) must yield a constant, or in other words, b = e and c =f assuming
activity coefficients are approximately constant over the range of concentrations studied.
Regressing rate data using Equation 6.3) on an activity basis does not appreciably affect
the resulting value of b or c. Since b = 030 from the data of Brady and Walther 1989)
normalized to constant ionic strength and e = 028 to 031 from the data of Bolt 1957),
approximate first order kinetics with respect to surface charge are obtained.
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Brady and Walther's 1989) choice of using the surface charge data of Bolt 1957)
to correlate their results is some what arbitrary. Bolt 1957) used a commercial silica sol
called Ludox. The particles of this sol are spherical (diameter about 15 nm) and consist
of amorphous silica. The applicability of the surface charge data from these fine
amorphous particles to quartz particles is questionable. Others have analyzed the surface
charge behavior of a variety of forms of silica; a compilation of e and f values regressed
from literature data is shown in Table 82 and Table 83, respectively. Ahmed 1966)
investigated the surface charge behavior of 105 to 149 gm Brazilian quartz. This material
is an excellent analog to the quartz materials used in dissolution rate studies. However,
their results show a trend not seen in the Bolt 1957) data; the slope, e, decreases from
0.41 (+-O. 0) to 0. 32 (+-0.03) as the ionic strength is raised from 1 x 10-3 to molar KNO3
(see Figure 8. 10). The e data presented in Table 82 are similar to the b data presented in
Table 6 10 at constant ionic strength. However, the scatter in the regressed e values and
the wide variety of silica materials used, makes conclusions about the relationship
between quartz dissolution rate and surface charge questionable. No investigations have
been made on the effect of ionic strength on the dissolution rate at 25'C, so comparisons
with the f values listed in Table 83 cannot be made.
Surface charge data at higher temperatures are required to perform a similar
analysis on the high temperature dissolution rate data performed in this study and others.
Only two studies (Kita et al. 198 1; Brady, 1992) of silica surface charge have been
carried out at temperatures greater than 25'C. Kita et al. 198 1) studied the surface
charge behavior of amorphous silica formed by the hydrolysis of silicon tetrachloride
I(C2H5O)4Si1 with aqueous ammonia 28%). Figure 8.11 shows an analysis of their data
on log cy versus log aH- coordinates, resulting in a slope or e value of 0.55 (-+0.01).
Brady 1992), using amorphous silica (Aerosil 200) with a N2 BET surface area of
200 m2/g, perfon-ned surface charge titrations at 25T and 60T and at 0 I molar NaCl
and 1.0 molar NaCIO4. The surface charge data at 0 I molar NaCl are plotted in Figure
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Investigator I e 95% Material
error
Table 82 Previous investigations on the pH effect on the surface charge of
quartz and amorphous silica.
Bolt 1957)
Ahmed 1966)
Li and DeBruyn 1966)
Jorgensen and Jensen 1967)
Tadros and Lyklema 1968)
Abendroth 1970)
Yates and Healy 1976)
Michael and Williams 1984)
Guy and Schott 1989)
Casey et aL 1990)
Brady 1992) 25'C
House and rr 19§2)
Kita et aL 1981) 400C
Brady 1992) 60'C
Brady and Walther 1992) 600C
0.001m NaCl
O.Olm NaCl
0. Im NaCl
Im NaCl
Im KNO3
0.001m KNO3
0.001 in NaCl
0.01 in NaCl
0 I in NaCl
I in NaCl
0.001m KCI
O.Olm KCI
O. Im KCI
Im KCI
0. Im LiCI
O.Olm KCI
0. Im KCI
I in KCI
O. 1 in CsCl
0. I in LiCl
0.1 in KC1
0.1 m CsCI
0. 1 in KNO3
0. I in KNO3
0.001 in NaCI
0.01 in NaCl
0. I in NaCl
0.03 in NaC104
I in LiCl
I in NaC104
0. 1 in NaCi
0.01 in KCI
0.01 in KC1
I in NaC104
0. I in NaCl
0.28
0.28
0.29
0.31
0.32
0.41
0.30
0.22
0.17
0.30
0.45
0.39
0.33
0.30
0.34
0.38
0.35
0.27
0.35
0.38
0.39
0.35
0.35
0.31
0.17
0.19
0.22
0.32
0.34
0.25
0.30
0.31
0.55
0.29
0.32-0.4
0.03
0.03
0.02
0.02
0.03
0.10
0.05
0.04
0.33
0.02
0.03
0.01
0.01
0.03
0.03
0.04
0.03
0.06
0.03
0.18
0.03
0.01
0.04
0.09
0.02
0.02
0.02
0.01
0.04
0.02
0.02
0.05
0.01
0.13
Ludox (silica)
quartz
Brazilian quartz
(5-20pm)
quartz
BDH precipitated silica
Cab-O-Sil, as received
Cab-O-Sil, heat treated
BDH precipitated silica
Heat-treated BDH silica
Min-U-Sil quartz
(0. - 0 p)
silica
quartz
silica
quartz
silica
silica
silica
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Table 83 Previous investigations on the ionic strength effect on the surface
charge of quartz and amorphous silica.
Bolt 1957) 6 NaCl 0.22 0.05 Ludox (silica)
7 0.23 0.04
8
9
10
0.21 0.03
0.2 0.03
0.18 0.02
8.4 NaCl 0.4 0.19 Brazilian QuartzLi and DeBruyn 1966)
10 0.29 0.05
Tadros and Lyklema 1968) 7 KCI 0.29 0.08 BDH precipitated silica
8
9
9.5
0.27 0.04
0.22 0.02
0.19 0.02
Abendroth 1970) 6 KCI 0.29 Cab-O-Sil, as received
7
8
0.26
0.24
Michael and Williains 1984) 7 NaCl 0.12 0.07 Min-U-Sil quartz
8 0.14 0.08 0. - gm
9 0.16 0.08
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8.12 along with some additional data from the exact same set of experiments reported in
Brady and Walther 1992) on a log ( SiO- groups/nM2) versus log aH-' The fit of these
data using Equation 8.2) is good except for the four data points at high log aH-' Below
log aH- -- 3, the 25'C and 60'C have similar slopes, 030 (+-0.02) and 032 (-+0.02),
respectively, with the 60'C data lying about 02 to 03 log units below the 25'C data.
Decreasing adsorption with increasing temperature is a commonly seen trend in studies of
heterogeneous catalysis Satterfield, 1980). It is interesting to note that if the data were
plotted as a function of pH, the two sets of data would lie concurrently. We believe this
agreement is meaningless and fortuitous, since log aH- is the appropriate regression
basis at these conditions above the point of zero charge of silica (pH 2 to 3 at 25'C).
The nonlinear behavior at high aH- can be explained combining two phenomena;
(1) silica dissolution and 2) saturation of the quartz surface. At high aH-1 the increasing
trend with log aH- may be due to silica dissolution. Once dissolved, aqueous silica or
H4SiO4 can dissociate to H3SiO4-, thus scavenging OH- ions, and making it appear that
more OH- are adsorbed onto the surface than the actual value. The pKa Of H4SiO4 is 92
at 60'C, which implies that at log aH- :-- 3.8, 50% of the H4SiO4 in solution will
dissociate to H3SiO4-. Brady 1992) states that the measured Si level was approximately
3 ppm and too low to appreciably affect the proton balance, and therefore, the effects of
dissolution wer neglected. However, they state in the caption of Figure 3 that the
concave upward trend of the data at pH > 9 (log aH > 4) may be caused by silica
dissolution. The decreasing trend with increasing aH- was seen in Figure 8. 1 0 for the
data of Ahmed 1966) and can be easily attributed to a saturating effect on the silica
surface.
With these considerations in mind, Equation 8.2) was used to fit the data of
Brady 1992) shown in Figure 812 over the log aH- range where linear data exists and
where no saturation is seen (solid line) and over the complete log aOH- studied (dashed
line). The best fit values of e at 25'C and 60'C are 030 ±0.02) and 032 (+-0.02),
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respectively, determined from the solid line regressions in Figure 812. If the data at high
aOH- are included in the regression at 60'C (dashed line correlation in Figure 812), then e
is calculated to be 04 (+-0.04). he choice of which value to use is important. An
increase of e with temperature supports the connection between dissolution rate and
surface charge, ince our analysis of quartz dissolution rate data from 25' to 21 IT
suggests that b increases with temperature (see Table 6 10). However, the increase in
slope at high aH- may be due to an experimental artifact such as dissolution, since this
trend has not been seen in data at 25'C, perhaps due to the slow dissolution rates at 25T.
The 40'C data of Kita et al. 198 1) suggest e = .55, however, basing a hypothesis on one
data point is unwise, considering the range of values listed in Table 82 at 25T.
A second strategy to relate high temperature dissolution rate data to surface
charge would be to extend surface charge predictions based on various electrostatic
models to higher temperatures. Several surface complexation models were discussed in
Section 23. 1. Although these models I are very capable of representing data at 25T, they
have little or no ability to extrapolate to higher temperatures. The robustness of these
models has been questioned in literature (Sposito, 1983; Westall and Hohl, 1980).
Westall and Hohl 1980) studied five electrostatic models and found that all models
represent the data equally well, but the corresponding parameters in different models are
not the same. They conclude that although the models are of the correct mathematical
form to fit experimental data, they do not necessarily provide an accurate physical
description of the interface.
Applying electrostatic models based on low temperature would be unwise for two
reasons: (1) since these models are not robust, the may not contain the proper
mathematics to represent high temperature surface charge data, and 2) setting the
parameter values in these models at high temperature would be arbitrary. Due to the
limited nature of these models, classical adsorption isotherms (Langmuir and Freundlich)
will be used to fit our high temperature data. These isotherms (discussed in the next two
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sections) are based theoretical principles, but in our application, they will simply be used
as empirical tools to further investigate the origin of fractional order kinetics and the
saturation effect sometimes seen at high concentrations.
8.3.2 Langmuir Botherm
The Langmuir isotherm is commonly used in catalytic studies due to its simplicity
and its usefulness as a building block for many kinetic expressions. Three important
conditions are implied in the kinetic and statistical derivations of the Langmuir isotherm:
(1) Adsorption is localized and takes place only through collision of gas molecules (or
solution species) with vacant sites.
(2) Each site can accommodate only one adsorbed species.
(3) The energy of an adsorbed species is the same at any site on the surface, and is
independent of the presence or absence of nearby adsorbed species.
The Langmuir isotherm can be derived based on these assumptions using a kinetic
approach (see Satterfield, 1980), resulting in the following expression for a single vapor
A that adsorbs without dissociation, altered to represent the adsorption of species from a
liquid solution:
K A A
OA ;_ (8.3)
1 + KA MA
where KA is the adsorption equilibrium constant for species A, OA is the occupied fraction
of sites on which adsorption is possible, and MA is the molality of species A. Other
expressions similar to Equation 8.3) can be derived for more complicated adsorption
situations (see Satterfield, 1980).
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Although the Langmuir isotherm can be derived from first principles both
statistically and kinetically, the assumptions used in its derivation are seldom valid for a
wide range of conditions. For instance, the heat of adsorption generally decreases with
increasing coverage. However, the Langmuir isotherm has proven to be a valuable
empirical tool in the correlation of kinetic rate data.
Applying Equation 8.3) to the first order form (n = ) of Equation (8. 1), yields
the following rate equation:
K A MA
kf = ke A (8.4)
1 + KA MA
We will apply this equation to the two case studies performed at 150'C: (1) vary mNa at
constant mOH-, (2) vary MOH_ at constant MNa+- The fractional order fit of case (1)
varying mNa+ using NaCl displayed in Figure 69 cannot model the apparent saturation
effect at high mNa+, A Langmuir fit of the model is shown in Figure 813, allowing for a
non-zero dissolution rate at mNa = 0. The intercept has no physical meaning in our
system, since mNa+ cannot be zero since NaOH is used to maintain MOH = lx10-3 molal.
The Langmuir model does an excellent job of fitting the rate data, resulting in an
adsorption equilibrium constant for Na+, KNa+' of 30 ±14) kg/mol at 150T and mow
1x10-3 molal. A similar analysis of Dove and Crerar's 1990) NOT rate data for quartz
dissolution in deionized water with varying amounts of added NaCl is shown in Figure
8.14. Although there is more uncertainty in the analysis, a similar value of KNa+"
37 ±35) kg/mol, was obtained. Figure 8.15 shows the results of the Langmuir model
compared to a fractional order model on a log-log plot. The Langmuir model fits the
high mNa+ data well, however, the overall shape of the fit is sigmoidal. Between log MNa+
= 1.0 and 3.0, the sigmoidal nature of the fit is slight, therefore, considering the
uncertainty in the data, the Langmuir model cannot be verified or disqualified on the
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basis of its shape. Normally, the Langmuir model would yield first order kinetics at low
MNa- but with the addition of a constant term to Equation 8.4), the first order nature of
the Langmuir model is never seen.
The Na2SO4 data shown in Figure 68 shows a more pronounced saturation effect
than NaCl, unfortunately, more scatter exists in the data. A Langmuir fit to the data is
shown in Figure 816.
The data shown in Figure 66 at constant mNa+ does not show a pronounced
saturation effect with increasing mH I therefore, the fractional order model will be
equally effective at modeling the data. The fit of these data using the Langmuir model is
shown in Figure 817. The scatter in the rate data hinders any conclusions that may be
drawn from the fit of the data.
The Langmuir isotherm is very useful for modeling a saturation effect. It also
makes use of a first order model [Equation (8. 1)], which provides an explanation of
fractional order kinetics using very simplistic reasoning of adsorption phenomena on the
quartz surface.
8.3.3 Freundlich Isotherm
During the very early studies of adsorption, many experimental data did not obey
the Langmuir isotherm. An empirical isotherm of the form,
0 1 In (8.5)
A - MA
was proposed to fit experimental adsorption data, where n and g are parameters that
usually decrease with increasing temperature. Although the Freundlich isother is
originally empirical, it can be derived both thermodynamically and statistically. The
thermodynamic derivation treats n as a constant correcting for the mutual interaction of
the absorbed molecules. Eperimental values of n are usually greater than unity,
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implying that te forces between the adsorbed molecules are repulsive. The statistical
derivation applies the Langmuir adsorption isotherm to a distribution of energies among
sites such that the heat of adsorption decreases logarithmically with coverage. The
empirical form of the Freundlich isotherm [Equation (8.5)], suggests that OA increases
indefinitely as mA increases, however, the statistical derivation implies a maximum value
Of OA which is related to the heat of adsorption.
Applying Equation (8.5) to the first order form (n = 1) of Equation (8. 1), yields
the following rate equation:
kf = kAg MA I In (8.6)
which is exactly analogous the empirical rate laws presented in Chapter 6 when either
MNa+ or mOH- are held constant, with l1n corresponding to b and c for mA = M011- and
MNa+ , respectively. Equation 8.6) does not lead to any further analysis of the rate data
presented in Chapter 6 except for the qualitative trend seen in lln . As stated previously,
I/n increases with increasing temperature due possibly to a decrease in mutual
interaction between adsorbed molecules, agreeing with the regressed trends in b presented
in Figure 616.
8.4 Unified Theory of Quartz Dissolution
A correlation could be developed combining concepts developed in this chapter,
as well as in Chapters and 6 however, extrapolating trends seen for one set of
conditions to others values is dangerous. A central theme of this thesis is not only to
perform careful measurements, but to validate data by comparing with work performed
by others. Theories constantly change, however, high quality, validated data will remain
over time.
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8.4.1 Deionized Water
The global correlation of quartz dissolution in deionized water (see Chapter 5),
brought up several important concepts. First, the following simple rate law [Equation
(2.8a)] was shown to fit the rate data from the present study and the work of twelve
previous investigations.
dMH4SiO4 A sa, i4
rnet kf ' ( - MH4SiO4 / kl4S (8.7)dt MW
This comprehensive comparison allows the critical evaluation of rate data. Deviations
from the regressed fine can be attributed to many factors, including uncertainty in rate
measurements, improper sample preparation, poor reactor designs, inability to measure
the active surface area, and limitations in the global rate model. The good correlation
from 23' to 625'C suggests that these factors are usually unimportant. No significant
difference in the correlation was observed between a geometric surface area basis and a
BET surface area basis. Based upon extrapolation from data at 50'C and above, it
appears that dissolution rates from earlier studies at 25'C are erroneously fast. This is a
significant finding since there are many natural environments where rock-water
interactions are present at low temperatures. We certainly cannot predict natural
dissolution rates until we accurately quantify laboratory dissolution rates.
8.4.2 pH effects
A more comprehensive dissolution rate model [Equation 6.3)] was proposed in
Chapter 6 which accounted for the effects of OH- and Na+ (or ionic strength in deionized
water) concentration:
b ckf = kHI MOH- I (8.8)
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Although this model was able to correlate our rate data well from 100' to 200'C and from
deionized water to solutions with NaOH (0.01 molal) and NaCl (0 I molal) added, the
resulting fractional order kinetics arise due to the empirical nature of the model. A more
robust model would be based on surface species as opposed to solution species,
unfortunately little is known about the surface concentrations on quartz at high
temperatures. However, if our goal is to propose a correlation to predict quartz
dissolution rates over a range of temperature and solution concentration, then we only
need to know the Arrhenius parameters (activation energy and pre-exponential constant)
and the apparent reaction orders (possibly temperature dependent) with respect to
solution composition.
In this study, we observed the reaction order with respect to OH- increase slightly
with temperature, whether this trend is significant is questionable. Comparing our
reaction orders with studies at lower temperatures, suggests that the OH- reaction order is
temperature dependent, being approximately 03 at 25'C and increasing to 062 at 20'C.
8.4.3 Mechanism of Quartz Dissolution
The rate data obtained in this study quantitatively describe quartz dissolution
kinetics over a wide range of temperatures and solution compositions. While the
regressions developed from these data correlate quartz dissolution rates, they only
provide limited mechanistic information.
The similarities between the surface charge behavior of quartz and the dissolution
rate of quartz at 25'C might suggest that surface charge is an intermediate in the
dissolution rate process. However, the results of Chapter 6 indicate that accurate
dissolution measurements at 25'C in deionized water are difficult to carry out. In this
chapter, we have analyzed surface charge data from many investigators and found
uncertainties in the trend in the data with pH. Clearly, we cannot conclusively say that
the quartz dissolution is dirdctly proportional to surface charge.
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The activation energy for quartz dissolution 83 ± 5 kJ/mol) is much lower than
the Si-O bond energy of 228 U/mol (Robie et al., 1979). Therefore, some solution
species or reaction inten-nediate must destabilize the quartz structure causing the
activation energy to be much less than the Si-O bond energy. The hydroxide ion was
shown to catalyze quartz dissolution since it increased the dissolution rate without being
consumed in the reaction. This scenario is opposite of heterogeneous catalysis where the
solid substrate is the catalyst and the fluid phase contains the reactants. If the dissolution
rate is found to directly proportional to surface charge, we still cannot present a
conclusive mechanism for quartz dissolution. The surface charge may just be a good
indicator of an unknown reaction intermediate. The quartz surface charge at inten-nediate
and high pH consists of terminal Si-0- groups. Perhaps the true intermediate consists of
a hydroxide ion attack of a bridging Si-O-Si bond as proposed by Grigsby 1989).
Experimental methods capable of measuring reaction intermediates in solid-liquid
systems do not exist. Mechanisms of quartz dissolution are most likely to be limited to
enlightened empiricism. Ab initio quantum mechanical methods may provide molecular
level insight on the mechanisms of quartz dissolution, however, there are many
limitations in this approach as well (see Section 23.4). Perhaps with more advanced
computers and 'More realistic representations of the quartz surface, we can gather
important mechanistic information from these calculations.
215
Chapter 9
Conclusions
EXPERIMENTAL
1. Sample Preparation. The proper pretreatment of quartz particles was shown to very
important in obtaining reproducible and reliable dissolution rate deten-ninations,
especially at low temperatures. The best pretreatment method was exposure to high
temperature deionized water > 150T) for 24 hours. Other methods such as room
temperature washes or ultrasonic cleaning in acetone or other solvent are somewhat
effective at removing fines, however "high energy" sites take longer to anneal.
2. Experimental Apparatus. The reactor design used in dissolution rate studies
determines how experimental data are analyzed. A well-mixed continuous flow stirred
tank reactor (CSTR) design was chosen to allow for simple rate determination and good
control of solution conditions. A spinning basket reactor was designed to allow good
solid-liquid mixing, while minimizing interparticle abrasion. When the reactor was
operated with a less than full charge in the basket, spinning rate effects due to
interparticle abrasion were observed. This design was modified to a stationary basket
with an axial flow impeller used for mixing when small mineral charges were desired.
Both designs were excellent approximations of idealized CSTR behavior, as verified by
residence time distributions tests.
2. Quartz Dissolution in Deionized Water. The dissolution rate of Ottawa sand was
studied from 23' to 200T in deionized water and correlated with measurements of
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twelve previous investigations. A simple global equation with an Arrhenius rate constant
formulation satisfactorily represented experimental data spanning temperatures from 23'
to 625'C obtained from crushed quartz crystals, quartz sand, and quartz slab samples.
Geometric and BET-derived surface areas were successfully used to normalize
dissolution rates. An Arrhenius expression describing a kinetic dissolution rate constant
with an average activation energy of 89 ± U/mol was regressed from the set of
dissolution rate data covering eleven orders of magnitude in variation from about
4 x 1-14 mol/m2s at 25'C to I x 10-3 mol/m2s at 625'C on a geometric area basis.
4. Discrepancy in Low Temperature Dissolution Rates. The quartz dissolution rates
reported in literature at 25'C are two to three orders of magnitude higher than predicted
by the global rate equation. This discrepancy was explained based on inadequate surface
preparation procedures. Dissolution rates at 25'C predicted by the global rate equation
are 4 x 10 14 mol/m2s (geometric area basis) or 03 A/yr, thus long run times and
appropriate surface preparation are required. Experiments were carried out for 812 days
at 23'C in batch bottles using sand pretreated in the spinning basket reactor, resulting in
rate data that agreed with the global rate equation.
3. Surface Area Basis. Both geometric and BET-derived surface area bases yielded
similar fits of the dissolution rate data in deionized water from 23' to 625'C combining
rate data from this study with data from twelve previous investigations. However, no
single investigation using identical experimental procedures investigated the effect of
surface area basis. Therefore, the dissolution rates of crushed quartz crystals from Hot
Springs, Arkansas and Ottawa sand particles were compared at 150T in NaOH solutions.
The geometric surface area basis provided good agreement with average variations of
0 12 log units between the two quartz samples. The BET surface area basis yielded
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slightly worse agreement with the Ottawa sand dissolution rates averaging 023 log units
slower than the Hot Springs, Arkansas crushed quartz crystals.
4. Granite Dissolution. The applicability of the quartz dissolution kinetics to the
dissolution of the quartz phase in granite was evaluated. Previous studies suggested that
the quartz phase would be dominant at 200T. However, the dissolution of feldspars was
found to be important. The dissolution rate of individual phases in granite were estimated
to be one to two orders of magnitude faster than individual mineral rates. The grain
boundaries or other inter-mineral phase effects may enhance the high dissolution rates in
granite.
MODELING
1. Fractional Order Kinetics. The dissolution rate of Ottawa sand was found to have
fractional orders with respect to the hydroxide ion concentration and sodium ion
concentration (or ionic strength). The order of sodium ion concentration was 026 while
the hydroxide ion concentration order varied from 052 at 1000C to 062 at 2000C. The
non-integer nature of these regressed parameters was attributed to regressing data based
on solution species instead of the more appropriate surface species basis. Unfortunately,
surface concentrations are unknown at the conditions investigated in this study, therefore,
the utility of adsorption models was evaluated. Surface charge models based on
electrostatic theory are not robust enough to extrapolate to higher temperatures, therefore,
classical adsorption isotherms borrowed from heterogeneous catalysis were employed to
model the dissolution behavior of quartz. The saturation effect of NaCl was fit well by a
first order Langmuir-Hinschelwood model.
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2. Activation Energy of Quartz Dissolution. In the past, the activation energy of
quartz dissolution was stated as being pH dependent. However, this occurs because the
true mechanism of quartz dissolution is not known. The concentration dependence on the
rate of dissolution was separated from the temperature dependence using a fractional
order empirical rate law. The apparent activation energy in the empirical rate constant
was found to be 83 ±5) U/mol and independent of pH.
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Appendices
10.1 Thermodynamic Speciation Model
The analysis of rate data requires the calculation of species concentrations at
the reaction temperature. For example, if a given amount of NaOH is added to the
feed tank, we would like to know the concentration of solution species inside the
reactor. A spreadsheet model was developed in Microsoft EXCEL to solve for the
species distribution given dissociation relations and the extended Debye-Hiickel
equation. In this section, we will state the assumptions in the model, set up the
equations, and describe the iteration methodology.
The first item needed in this model are the equilibrium constants for all
dissociation reactions. The euilibrium constants for H20, H2CO3, and HC03- and
the Henry's Law constant for C02 were obtained using an empirical expression by
Maurer 1980) of the following form:
In K =p / T+ q InT r T s (I 0. 1)
where K is an equilibrium constant, T is the temperature in Kelvins, and p, q, r, and s
are empirical fitting parameters. The values for p, q, r, and s are listed in Table 1 0 I
for each species. The dissociation constant for HSiO4, K H4SiO4' was determined using
the following relation developed by Fleming and Crerar 1982):
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log KH4SiO4 =(1479 T - 06496) log KH20 (10.2)
where T is in Klvins. Finally, the dissociation constant for NaOH, KNaOH I was taken
from Helgeson 1967), however, under the conditions encountered in this study,
NaOH is essentially 100% dissociated. NaCl and Na2SO4 were assumed to be
completely dissociated, and serve mainly to change the ionic strength of the solutions.
The following equations come directly from the assumption of equilibrium
between the ionic species and their undissociated counterparts:
KH20 = aH+ aOH- (10.3)
aH+ aHCC
K (10.4)
H2CO3 all2CO3
aH+ aCO=K 3 (10.5)
HCC aHCC
aNa+ aOW
KNaOH a (10.6)NaOH
a +a -K H H3Sid4 (10.7)
H4SiO4 all4SI
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. InK=plT+qlnT+rT+s (TinKelvins)
P q r S Temp Range (K)
HC02 -6789.04 -11.4519 -0.010454 94.4914 273-523
K -13445.9 -22.4773 0 140.932 273-498H20
K -12092.1 -36.7816 0 235.482 273-498
H2CC
K -12431.7 -35.4819 0 220.067 273-498HCO
Table 10.1 Empirical constants used to calculate Henry's Law and
dissociationconstants (from Maurer, 1980).
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where the activity of species i,ai can be written as the product of the concentration
(moles Ag H20) of species i, mi, and the activity coefficient of species i, 7j:
0- = i i (10.8)
The standard states are defined as unit molality (mol/kg H20) at the system
temperature. In this model we will assume that the activity coefficients for
undissociated species are unity and the extended Debye-Hiickel equation (discussed
later in this section) describes the activity coefficient of ionic species.
Now we can eliminate activities from Equations 10.3) to 10.7). For example,
for NaOH:
a MK Na aH- Na+ MOH- (10.9)
NaOH aNOH YNal OH- MNaOH
The total amount of sodium in mol/kg H20 YNa, is known from the amount of NaOH
added. However, we need to determine mNa+ and MNaOH,
YNa = mNaOH + MNa+ (10.10)
Solving Equation 10.9) for mNa I yields:
KNaOH MNaOH (10.11)
Na+ YNal OH- MOW
Substituting Equation (IO. 0) for mNaOH into Equation (1 0. 1 1), gives
M KNaOH (Y-Na - MNa,) (10.12)
Na+ YNat OH- MOH-
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or by rearrangement:
M KNaOH Y-Na (10.13)
Na+ ('YNat'YOH- MOH + KNaOH)
Now, once weknow the activity coefficients and mH I we can calculate mNa+'
A similar equation can be derived for m-since the total amount of dissolved silica,
H3SiO4
YSi, is known from solution analysis.
KH4SiO4 Isi
M (10.14)
.H3SiO4 ('YH+'YH3SiO4 MH+ + KH4SiO4)
The same approach is taken for the carbon balance, although there are two main
differences: First, there are three carbon species in solution such that
- MH2CO3 MHC63 + MCO' (10.15)
and second, the total C02 in solution is not simply added or measured. The carbonic
acid concentration depends on the Henry's law constant for C02, HC02 in the following
manner,
MH2CO3 PC02' HCO2 (10.16)
This equation only applies to equilibrium conditions. The solutions used in this study
are not necessarily at equilibrium and PC02 is not known since the feed tank is sparged
with nitrogen. The normal starting procedure for a run consists of adding acid or base
to feed tank water that is in equilibrium with atmospheric C02. At high pH, C02 is
highly soluble so the feed tank is sparged to maintain the total C02 approximately
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equal to its starting value. To. model this process, we assume that the total C02 in
solution is equal to mH2CO3 of the starting solution
YC = PC02 H02 (10.17)
PC02 is taken initially as 000035 atm 350 ppm C02). PCO2 (or YC) will be used as
an adjustable parameter since the nitrogen sparging may increase or decrease the
total C02 concentration from its initial value. Now that we have an estimate for the
total C02 in solution we can follow a similar approach used in the derivation of
Equation (10 13).
Using the equilibrium relations and substituting in for m and m in
H2CO3 C03
Equation (10. 15), we get, for the total carbon in solution:
J: = HI 'YHCb3 MHI MHC63
K
H2CO3
'YHCO, MHCO3 HCC3
YHI YC = MHI
(10.18)MHC63 +
Solving for mHcc;-
3
K -1
I 'YHC03 HCC
'YH+'YC = MHI
M IC 'YH+'Y'HC03 MH+
HC63 = K
H2CO3
(10 19)
We can find m = by plugging this result into the following equation:C03
'YHC03MHCCqKHCCq
= 
C03 'YH+'YC = MH+03
and mH2CO3 can be found from a carbon balance in Equation (1 0. 15)
(10.20)
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#IH2CO3 = IC MHC63 + MCO= (10.21)3
MHI can be determined from the dissociation of water:
KM H20 (10.22)
H+ 'YH+'YOH- MOH-
Now assuming that we can calculate the activity coefficients, the preceding equations
specify the all of the species concentrations except for mOH- The final equation is the
charge balance which can be used to calculate mH-:
MOH = (10.23)
H + MNa+ - MHCcj3 - 2 mco= - MH3SiO43
Equation 10.23) will change slightly if NaCl or Na2SO4 is added to the solution,
however, since these salts are essentially 100% dissociated, no other adjustments to
the model are needed.
The algorithm used to solve this equations is simple. First, a value of mOH-
and the total ionic strength are guessed. The ionic strength is used to calculate the
activity coefficient of each species using the extended Debye-HUckel equation.
Equations 10.13), 10.14), 10.19), 10.20), and 10.22) are used to calculate mNa+,
M - until theH3Si64'MHCO MO=I and MHI, respectively. Now we can iterate m3 OH-
charge balance [Equation 10.23)] is satisfied. At this point, the ionic strength is
recalculated, the activity coefficients are determined from the extended Debye-HUckel
equation, and we can iterate on mH- again until the charge balance [Equation
(10.23)] is satisfied. The conversion of this method is very fast, requiring only two
iterations on mH-'
The exact same algorithm is used in the low pH model, except now HN03 is
used to adjust pH as opposed to NaOH. For this model mH+ is used as the iteration
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variable instead of mOH-' A correlation for the dissociation constant of HN03 was
taken from Marshall and Slusher 1975):
log KHN03 = 74.925 - 6204 T - 0300649 T + 5.15xlO-4 T - 3.33xlo-7 T3
(10.24)
where T is in Kelvins. Although this correlation was based on data from 0 to
350'C, it agrees well with 250C data.
Extended Debye-Hfickel Equation:
The extended Debye-Hiickel equation is used in this model due to its simplicity and
ability to model activity coefficients for all of the solutions used in this study. The form
of the equation.taken from Truesdell 1984) is as follows:
7Az, -Vri-
log 'Yi pi (10.24)1 + aiB_I
where zi is the ionic charge of species i I is the ionic strength, and A, B, ci, are
constants. A and are related to the properties of the solvent and were taken from
the values suggested by Helgeson et al. (I 98 1). (xi represents the distance of closest
approach between specified ions. Values of ai used in our model are taken from
Truesdell and Jones 1974), which are commonly used in geothermal fluid-mineral
calculations. The PI term was added by HOckel to account for the reduction of the
dielectric constant by increased concentration (Zemaitis et al., 1986). Up to 250'C,
has values in the range of 0.03 to 0.05 kg/mol when concentrations are as high as 3
molal (Helgeson, 1969). The value of 0 used is assumed to be 004 kg/mol in our
model. The value of the activity coefficient is very insensitive to the choices of ai and
0 for the ionic strength ranges of this study.
227
10.2 Tabulated Experimental Data
Table 10.2 contains the data taken from the Batch Bottle reactors as a function of time.
All other experimental data is located in the main body of the thesis.
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Run time M a MH4SiO4 Run time M a MH4SiO4 Run time Mw a MH4SiO4
x 106 x 106 x 106
(days) (g) (mol/kg) (days) (g) (mol/kg) (days) (g) (mol/kg)
Table 10.2 Experimental data for Batch Bottle apparatus
(present study)
BI 0.0 296 0 B4 0.0 286 0 B7 0.0 210 0
148.8 291 3.86 62.8 281 4.56 38.9 205 3.86
228.9 286 4.58 84.6 276 5.54 59.8 200 5.04
301.0 276 5.16 118.0 271 6.82 84.9 195 5.88
453.7 261 6.11 148.8 266 7.84 b 0.0 190 8.88
883.8 251 8.50 196.7 261 8.74 10.3 185 9.38
301.0 251 10.6 37.3 180 10.4
B2 0.0 286 0 453.7 236 12.7
62.8 281 4.38 883.8 226 17.9 B8 0.0 200 0
84.6 276 5.29 21.9 195 4.39
118.0 271 6.72 B5 0.0 245 0 38.9 190 6.06
148.8 266 7.64 28.9 240 3.00 59.8 185 7.99
196.7 261 8.69 46.1 235 3.53 84.9 180 9.52
301.0 251 10.6 76.9 230 4.14 b 0.0 175 14.6
453.7 '236 12.4 124.8 225 4.69 10.3 170 15.3
883.8 !226 17.8 229.1 215 5.76 37.3 165 16.8
381.8 200 6.82
B3 0.0 277 0 811.9 190 10.3 B9. 0.0 125 0
46.0 272 5.38 12.7 120 9.89
62.8 267 7.29 B6 0.0 273 0 21.9 115 12.5
77.9 257 8.17 76.9 268 2.08 28.9 110 14.2
100.8 252 9.57 157.0 263 2.51 38.9 105 16.7
118.0 247 11.0 229.1 253 2.85 46.0 100 18.7
148.8 242 12.3 381.8 238 3.51 59.8 95 21.6
180.8 237 1.34 811.9 228 5.08 76.8 90 24.8
228.9 232 15.2 84.9 85 26.4
301.0 222 17.1 b 0.0 105 32.5
372.7 212 17.8 9.9 95 35.2
453.7 f97 20.2 C 0.0 110 20.1
883.8 187 29.0 11.2 105 23.5
27.0 95 26.5
a Mass of water before sampling.
b Temperature controller failed. Restarted run (see text)
C Solution diluted. Restarted run (see text)
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10.3 Nomenclature
As surface area (M2)
as specific surface area (cm2/g)
b fractional order dependency of the quartz dissolution rate on the
hydroxide molality from Equation 6.3)
C fractional order dependency of the quartz dissolution rate on the ionic
strength from Equation 6.3)
e fractional order dependency of the quartz surface charge on pH from
Equation 8.2)
f fractional order dependency of the quartz surface charge on the ionic
strength from Equation 8.2)
I ionic strength (mol/kg H20) from Equation 6.4)
kf global dissolution rate constant mol/m2s) from Equation 2.3)
kOHI fractional order dissolution rate constant moll-b-c kgb+c m2s) from
Equation 6.3)
Ki dissociation constant of species i
Ki adsorption equilibrium coefficient of species i
M sat quartz solubility (mol/kg H20)
H4SiO4
Mi molality of species i (moVkg H20)
Mqtz mass of quartz charge in reactor (g)
MW mass of water in reactor (kg)
t time (s)
Greek Symbols
T, activity coefficient of species i from Equation (10.8)
P density of quartz g/cm3)
PW density of water g/cm3)
a surface charge (SiO- groups nm2)
Ir reactor residence time (s)
Conventions
log base 10 logarithm
In base e logarithm
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